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Introduced parasites threaten native host populations in many parts of the world.    
For example, the introduced parasitic nest fly Philornis downsi has been implicated in the 
decline of Darwin’s finch populations in the Galápagos Islands.  Studies have just begun 
to rigorously test the question of why such parasites are successful, and how they 
devastate naïve host populations.  In this dissertation, I examine the effects of P. downsi 
flies on two host species in the Galápagos; I explore the underlying mechanisms by 
which hosts are affected. 
Using an experimental manipulation of P. downsi, I demonstrate that P. downsi 
reduces nestling survival of medium ground finches (Geospiza fortis), but not Galápagos 
mockingbirds (Mimus parvulus) at the same location.  This suggests that mockingbirds 
are tolerant to the effects of P. downsi.  Mockingbird nestlings appear to compensate for 
parasite damage by increasing their energy intake through increased begging and parental 
provisioning.  Mockingbirds also appear to differentially express more genes in response 
to parasitism than finches.  However, mockingbirds and finches express very few of the 
same genes in response to parasitism, suggesting that P. downsi has different effects on 
gene expression in these hosts. 
I also investigated the effects of native parasitic flies Philornis trinitensis on hosts 
in Tobago to understand why P. downsi is successful in the Galápagos.  I show that the 
effect of P. trinitensis on Tobago hosts is similar to the effect of P. downsi on Galápagos 
hosts.  However, the prevalence of P. trinitensis in Tobago is lower than that in the 
   
Galápagos, which may be because there are more enemies of the flies in Tobago 
compared to the Galápagos.  Thus, introducing native predators of P. downsi to the 
Galápagos may be a promising approach to reducing the effect of P. downsi on finches.  
Until such predators are identified, I present evidence that self-fumigation by finches can 
be used as an effective stopgap approach to control P. downsi. 
My work demonstrates that mockingbird reservoir hosts of P. downsi change their 
behavior to tolerate parasite damage.  In turn, P. downsi can persist in the environment, 
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 Parasites influence fundamental aspects of the evolutionary ecology of their hosts 
(Anderson and May 1978, Anderson 1979).  Hosts and parasites with a long-standing 
relationship have co-evolved adaptations that allow hosts to defend themselves and 
parasites to escape host defenses.  These interactions can lead to relatively stable 
population dynamics between hosts and their parasites.  In contrast, the introduction of 
parasites to a new location can have devastating effects on naïve host populations.  One 
explanation is that naïve host populations lack effective defenses against such parasites 
(Daszak et al. 2000, Wikelski et al. 2004, Keesing et al. 2010).   
Not all hosts are vulnerable to the effects of introduced parasites; in some cases, 
the fitness of hosts is clearly reduced, while the fitness of reservoir or tolerant hosts is 
relatively unaffected (Haydon et al. 2002, Schmid-Hempel 2011).  Reservoir hosts can 
therefore provide a stable resource for the introduced parasite.  For example, the Pacific 
chorus frog (Pseudacris regilla) in the Sierra Nevada of California is a reservoir for the 
chytrid fungus Batrachochytrium dendrobatidis (Reeder et al. 2012).  Despite 
catastrophic declines of more vulnerable frog species, chorus frogs survive heavy fungal 
infections.  Reservoir hosts, such as the chorus frog, can maintain large numbers of 
	   2 
parasites in the environment, even when vulnerable host populations are declining 
(Reeder et al. 2012).  Therefore, parasite reservoirs are an indirect threat to populations of 
more vulnerable host species (Daszak et al. 2001, McCallum 2012).  
Many reservoir host studies have focused on non-native hosts, such as introduced 
and domesticated animals (Roelke Parker et al. 1996, Laurenson et al. 2003, Prager et al. 
2012).  However, these hosts may be overstated as influential reservoir hosts, as in the 
case of the introduction of avian malaria parasites and their mosquito vectors to the 
Hawaiian Islands.  Avian malaria is thought to have been partly responsible for the 
extinction of 17 endemic honeycreeper species (Atkinson and Lapointe 2009).  For years, 
researchers thought that some introduced hosts were reservoirs for avian malaria (van 
Riper III and van Riper 1986).  Instead, Atkinson et al. (2000) found that one endemic 
honeycreeper (Hemignathus virens virens) is relatively unaffected by the malaria parasite 
and likely maintains the parasite in the environment.  Thus, the amakihi may be a 
reservoir host that amplifies the negative effect of malaria on more vulnerable and 
declining honeycreeper species (Atkinson and Lapointe 2009).   
Defense strategies that differentiate vulnerable and reservoir hosts are even less 
understood.  Host life history strategies may promote reservoir host populations.  For 
example, parasites may affect reservoir host survival at an individual level, but if such 
hosts have a high turnover rate, then they would not suffer an overall effect of the 
parasite at the population level (r-selected species; Prager et al. 2012).  Most studies 
suggest that reservoir hosts are able to tolerate parasite damage without reducing parasite 
load.  However, few studies have identified specific mechanisms underlying host 
tolerance (Simms 2000, Read et al. 2008, Medzhitov et al. 2012, Sorci 2013).  Such 
	   3 
studies have found that host behavioral and physiological responses can promote 
tolerance to the parasite under captive conditions.  For example, tadpoles can 
behaviorally shunt the infection site of larval tremetodes from their heads to their tails to 
avoid an assault on their vital organs, but without affecting parasite abundance (Sears et 
al. 2013).  Other hosts tolerate blood parasites by recovering red blood cells that are lost 
to the parasites (Råberg et al. 2009).  However, field studies on tolerance mechanisms to 
parasites under natural conditions are rare (Reeder et al. 2012, Sorci 2013). 
Abiotic and biotic factors can also influence the relationship between hosts and 
their parasites (Schmid-Hempel 2011).  Another explanation for the success of introduced 
parasites in a new environment is the enemy release hypothesis (ERH; Keane and 
Crawley 2002, Liu and Stiling 2006).  In this case, introduced parasites spread rapidly 
because they are liberated from their predators, which would regulate parasite population 
dynamics in their native range.  The ERH is one of the most cited explanations for the 
success of introduced plant species, but only recently has this hypothesis been 
empirically tested (reviewed in Liu and Stiling 2006). The ERH has been suggested as 
important in animal host-parasite systems, but most of this research has focused on 
introduced hosts escaping their parasites in the new location rather than parasites 
escaping their enemies (Torchin et al. 2003, Torchin and Mitchell 2004).  Indeed, 
introduced parasites are likely successful in a new location by escaping their enemies, but 
this concept has seldom been explored (Colautti et al. 2004). 
Introduction of the parasitic nest fly Philornis downsi to the Galápagos Islands 
provides a rare opportunity to test classic hypotheses in parasite invasion ecology 
(Perkins et al. 2008).  Adult flies (which are not parasitic) lay their eggs in the nests of 
	   4 
Darwin’s finches and other land birds in the Galápagos.  Once the fly eggs hatch, the 
larvae feed on the blood of nestlings and adult females when they sit on the nest.  The 
native range of P. downsi includes Trinidad, Brazil, Argentina, and likely other areas in 
mainland South America (Dodge and Aitken 1968, Silvestri et al. 2011).  The fly is also 
found on nearly all surveyed islands in the Galápagos (Wiedenfeld et al. 2007, Causton et 
al. 2013).  
The effect of P. downsi on Darwin’s finches has been studied extensively (Fessl et 
al. 2006, Huber 2008, O’Connor et al. 2010, 2013, Koop et al. 2011, 2013b, 2013a, 
Kleindorfer et al. 2014).  P. downsi has been implicated in the decline of critically 
endangered species of finches, such as the medium tree finch and mangrove finch (Fessl 
et al. 2010, O’Connor et al. 2010).  In some years, 100% of Darwin’s finch nests at a 
given location fail to produce fledglings as a direct result of P. downsi (Koop et al. 
2013a, O’Connor et al. 2013).  Finches clearly do not have effective defenses against the 
parasite (Koop et al. 2013a).  Kleindorfer et al. (2014) suggest that over the past decade, 
finch mortality has increased and age at mortality has decreased due to earlier infestation 
during the nestling period (although this trend may be related to climate variation).  
However, the effect of P. downsi on non-finch species has not been tested.  Indeed, 
information on other hosts and possible defenses against P. downsi is particularly useful 
to determine: 1) if there is variation in the effects on host fitness, 2) if birds have the 
potential to evolve effective defenses against P. downsi, and 3) if there are some birds 
that are tolerant to the effects of P. downsi. 
Several methods for controlling P. downsi populations are currently being 
considered or tested (Causton et al. 2013).  Reducing the effect of P. downsi by lowering 
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the parasite population may delay or eliminate extinction risk for the finches.  Traps 
designed to capture adult flies offer a low-cost, low-maintenance option for reducing 
populations.  However, attempts to capture adult flies using food bait (e.g., fruits, water, 
and syrups) have only been minimally successful (Causton et al. 2013).  Augmentative 
biological control with native predators of P. downsi may also provide a long-term 
solution because this method can be used over a large area.  Identifying native predators 
of Philornis is still necessary to determine whether biological control is appropriate for 
the Galápagos. 
The most effective method of P. downsi control, to date, is the direct application 
of permethrin in nests, which is extremely labor intensive (Koop et al. 2013b, 2013a, 
O’Connor et al. 2013).  In theory, direct fumigation is ideal for small populations of 
finches, such as the mangrove finch.  However, mangrove finches nest high in mangrove 
trees (13 meters on average), which makes many nests nearly impossible to reach.  
Feasible methods to combat P. downsi have not yet been developed, and thus, are a high 
priority in the Galápagos. 
 My dissertation examines the effects of P. downsi on two species of endemic 
avian hosts in the Galápagos.  I use an experimental approach to determine whether 
medium ground finches (Geospiza fortis) are affected by P. downsi because mothers are 
‘stressed’ by the parasite (Chapter 2).  Then, I compare the effects of P. downsi on 
finches to another host species nesting in the area, the Galápagos mockingbird (Mimus 
parvulus; Chapter 3).  I compare mechanisms underlying why finches and mockingbirds 
are differentially affected by the parasite (Chapter 3).  I also compare the effect of P. 
downsi on finch and mockingbird gene expression (Chapter 4).  I then compare the 
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effects of native Philornis flies on hosts in Tobago and I survey potential predators of 
Philornis in their native range (Chapter 5).  Finally, I test the effectiveness of “self-




Chapter 2: Experimental test of the effect of introduced hematophagous flies  
on corticosterone levels of breeding Darwin’s finches 
 
Chapter 2 examines the effect of an invasive parasite on corticosterone 
concentrations of a common species of Darwin’s finch, the medium ground finch.  High 
stress levels as a result of P. downsi could reduce the ability of females to invest in 
offspring, thus decreasing their reproductive success.  Thus, the effect of P. downsi on 
host reproductive success could be mediated by stress responses in breeding female 
finches.  To test this hypothesis, we experimentally manipulated the abundance of P. 
downsi in nests, then measured baseline and acute stress-induced corticosterone levels, 
body condition, and hematocrit (red blood cell content).  Acute stress-induced 
corticosterone levels increased over baseline levels, but this response did not differ 
significantly with parasite treatment. There was also no significant difference in the body 
condition or hematocrit of females from parasitized versus nonparasitized nests.  The 
results suggest that the lower reproductive success of females from parasitized nests is 
not mediated by a physiological stress response. 
 
Chapter 3: Galápagos mockingbirds are reservoir hosts for  
introduced parasites that threaten Darwin’s finches 
 
Chapter 3 compares the effect of P. downsi on Galápagos mockingbirds and 
medium ground finches.  We experimentally manipulated P. downsi abundance in the 
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nests of mockingbirds and medium ground finches to compare the effects of the parasite 
on host reproductive fitness.  We also examined host behavioral responses.  We found 
that although the two host species had similar numbers of parasites per gram of host body 
mass and lost significant amounts of blood hemoglobin to the parasite, P. downsi 
decreased nestling growth and survival of finches only.  Among finch nestlings, plasma 
glucose levels, begging, and parental provisioning did not change in response to P. 
downsi. In contrast, mockingbird nestlings increased energy intake in response to P. 
downsi, with parasitized mockingbird nestlings begging more than nonparasitized 
nestlings.  Greater begging was related to increased parental provisioning, which may 
have compensated for parasite damage.  Our study suggests that finches are negatively 
affected by P. downsi because they do not have an effective behavioral feedback system 
to compensate for energy lost to the parasite.  Furthermore, mockingbirds are tolerant to 
the effects of P. downsi and amplify the effects of the parasite on Darwin’s finches and 
other hosts in the Galápagos. 
 
Chapter 4: The effect of introduced parasitic nest flies  
on gene expression of Galápagos hosts 
 
Chapter 4 explores the potential mechanisms that may explain differences in the 
effect of the parasite on hosts.  We compared gene expression in erythrocytes of 
parasitized and nonparasitized nestling finches and mockingbirds.  We found that a 
significant number of genes were expressed differentially in finches and mockingbirds 
when exposed to the parasite.  More genes were expressed differentially in parasitized 
mockingbirds compared to parasitized finches.  However, few of these genes were the 
same in the two species, suggesting that the genetic basis of the effect of the parasite may 
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be host species specific.  Parasitized hosts did not demonstrate differential expression of 
genes related to the immune response.  Instead, P. downsi affected a significant number 
of host genes related to other physiological processes, such as metabolism.  Notably, 
parasitized finches showed significantly more expression in genes related to DNA repair 
compared to mockingbirds, suggesting that more DNA damage occurred in finches, with 
downstream effects on development and survival.  Our study suggests that the introduced 
parasitic nest fly has a significant, but species-specific, effect on gene expression in the 
nestlings of the two different host species in the Galápagos.   
 
Chapter 5: Why are introduced parasites successful?  Comparing the  
ecology of parasites in their native and novel ranges 
 
Chapter 5 explores the ecology of native Philornis flies and native host species in 
Tobago. Specifically, the goal of this chapter was to examine the effect of native 
Philornis nest flies on native hosts in Tobago compared to the effects of introduced P. 
downsi parasitizing novel hosts in the Galápagos Islands.  In Tobago, we experimentally 
manipulated native Philornis trinitensis abundance in nests of black-faced grassquits 
(Tiaris bicolor) and tropical mockingbirds (Mimus gilvis) to compare the effects of the 
parasite on host reproductive fitness.  These Tobago host species are closely related to the 
Galápagos host species.  We used the same methods to test for the effects of P. downsi on 
Galápagos hosts.  Finally, we determined the effectiveness of host immune response 
against Philornis and surveyed potential predators of Philornis in bird nests.  The number 
of parasites per gram of nestling mass was similar between related Tobago and 
Galápagos hosts.  Philornis had a significant negative effect on grassquits and finches, 
but relatively little effect on either species of mockingbird.  Fewer nests had parasites in 
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Tobago than the Galápagos; thus, the population-wide effect of Philornis was lower in 
Tobago than the Galápagos.  Neither Tobago nor Galápagos nestlings had an effective 
immune response to reduce parasite load.  Parasitoid wasps and ants were not found in 
the Galápagos.  In Tobago, by contrast, 30% of nests had parasitoid wasps and 50% of 
nests had ants; parasite prevalence also tended to decrease throughout the season.  This 
suggests that top down effects of wasps and ants on parasitic flies may reduce fly 
prevalence.  Parasitic flies may be more prevalent in the Galápagos because they have 
escaped their natural enemies. 
 
Chapter 6: Darwin’s finches combat introduced 
parasitic nest flies with fumigated cotton 
 
Chapter 6 tests a potential method of controlling P. downsi in Darwin’s finch 
nests.  We show that Darwin’s finches can be encouraged to ‘self-fumigate’ nests with 
cotton fibers that have been treated with permethrin.  Nests with permethrin-treated 
cotton had half as many P. downsi as control nests, and nests containing at least one gram 
of cotton were virtually parasite-free.  Nests directly fumigated with permethrin had 
fewer parasites and fledged more offspring than nests treated with water.  The results 
from this study show that self-fumigation can be used to mitigate the effect of nest flies 
on Darwin’s finches and perhaps other host species. 
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a b s t r a c t
Parasites can negatively affect the evolutionary fitness of their hosts by eliciting physiological stress
responses. Parasite-induced stress can be monitored by measuring changes in the adrenal steroid hor-
mone corticosterone. We examined the effect of an invasive parasite on the corticosterone concentrations
of a common species of Darwin’s finch, the medium ground finch (Geospiza fortis). Philornis downsi (Dip-
tera: Muscidae) is a parasitic nest fly recently introduced to the Galapagos Islands, where it feeds on the
blood of nestlings and breeding adult female finches. Previous work shows that P. downsi significantly
reduces the reproductive success of several species of finches. We predicted that the effect of P. downsi
on host reproductive success is mediated by stress responses in breeding female finches. High stress lev-
els could reduce the ability of females to invest in offspring, thus decreasing their reproductive success.
To test this hypothesis, we experimentally manipulated the abundance of P. downsi in nests, then mea-
sured baseline and acute stress-induced corticosterone levels, body condition, and hematocrit (red blood
cell content). Acute stress-induced corticosterone levels increased over baseline levels, but this response
did not differ significantly with parasite treatment. There was also no significant difference in the body
condition or hematocrit of females from parasitized versus non-parasitized nests. Our results suggest that
the lower reproductive success of females from parasitized nests is not mediated by a physiological stress
response.
! 2013 Elsevier Inc. All rights reserved.
1. Introduction
An animal’s ability to cope physiologically with environmental
stressors is an important component of its evolutionary fitness
(Breuner et al., 2008; Johnstone et al., 2012; Siegel, 1980). One
mechanism that mediates this process is the regulation of gluco-
corticoids, such as corticosterone, through activation of the hypo-
thalamic–pituitary–adrenal axis (HPA-axis) (Sapolsky et al.,
2000). Short-term elevations in corticosterone can trigger adaptive
responses, such as energy mobilization, activation of the immune
system, increased delivery of oxygen to tissues, and night restful-
ness (Sapolsky et al., 2000; Wingfield et al., 1998). These responses
act to help an organism recover from sources of stress and main-
tain homeostasis (McEwen and Wingfield, 2003; Wingfield and
Kitaysky, 2002). However, long-term elevations in corticosterone
can have detrimental effects on an organism’s survival and repro-
ductive success by over-depleting fat stores, reducing parental
investment in offspring, or compromising host immune responses
(Sapolsky et al., 2000; Silverin, 1986; Tsigos and Chrousos, 2002).
Parasites are common stressors faced by most organisms,
including birds (Brown et al., 2005; Siegel, 1980). Several studies
show that parasitized birds maintain higher levels of both baseline
and acute stress-induced corticosterone than non-parasitized birds
(Boughton et al., 2006; Brown et al., 2005; Raouf et al., 2006). Nest
parasites – those which reside primarily in the nest material – can
directly affect both nestlings and breeding adult birds (Clayton and
Tompkins, 1994; Marshall, 1981). Indirect effects of parasitism,
mediated through the stress response of adult birds, can also exac-
erbate the direct effects of parasites. For example, increased gluco-
corticoid activity by parasitized adults may alter parental
investment in nestlings, in exchange for self-preservation (Wing-
field and Silverin, 1986). Elevated corticosterone levels in breeding
birds have been linked to: (1) delays in returning to the breeding
grounds (Breuner and Hahn, 2003); (2) less time devoted to guard-
ing nests (Kitaysky et al., 2001; Wingfield and Silverin, 1986); (3)
less time feeding nestlings (Silverin, 1986); and (4) an increase in
nest abandonment (Love et al., 2004; Silverin, 1986). Thus, while
elevations in corticosterone can help to preserve adults, the conse-
quences for nestlings may be severe, reducing adult reproductive
success.
0016-6480/$ - see front matter ! 2013 Elsevier Inc. All rights reserved.
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In the Galapagos Islands of Ecuador, an introduced parasitic fly,
Philornis downsi (Diptera: Muscidae), affects several species of land
birds, including Darwin’s finches (Fessl and Tebbich, 2002). Adult
flies, which are non-parasitic, feed on decaying, organic matter. Fe-
male flies lay their eggs in the nests of birds, or in the nares (nos-
trils) of nestlings (Fessl et al., 2006). Once the fly eggs hatch, the
larvae are hematophagous parasites that feed on the blood of both
nestlings and adult female birds when they sit on the nest (Huber
et al., 2010). Adult females incubate the eggs and brood the off-
spring. Adult males do not sit on the nest and, therefore, do not ap-
pear to come into contact with the parasites (Huber et al., 2010;
Koop et al., 2011). P. downsiwas first documented in the Galapagos
Islands in 1964 (Causton et al., 2006); however, it was not until
1997 that the fly was observed in large numbers in nests (Fessl
et al., 2001; Fessl and Tebbich, 2002). P. downsi has a significant
negative effect on the growth rates and fledging success of medium
ground finches (Geospiza fortis) (Koop et al., 2011). However, little
is known regarding the effect of P. downsi on adult birds, or
whether such effects contribute to observed decreases in reproduc-
tive success.
We tested whether P. downsi causes an increase in the baseline
or acute stress responses of breeding adult female medium ground
finches. We also measured the effect of the parasite on various as-
pects of female condition. We experimentally manipulated P.
downsi abundance in the nests of medium ground finches to test
the effect of the parasite on adult female corticosterone concentra-
tion, body condition, and blood loss. We predicted that parasitized
females would have higher levels of baseline corticosterone than
non-parasitized females. We also predicted that parasitized fe-
males would exhibit a higher acute corticosterone response to han-
dling induced stress. Assuming that corticosterone is involved in
mobilizing sources of stored energy, such as fat and glucose (Wing-
field et al., 1998), we predicted that an increase in glucocorticoid
levels would coincide with a reduction in body condition. Finally,
we predicted that parasitized females would have lower hemato-
crit than non-parasitized females. Reduced hematocrit (% red blood
cells/total blood volume) is an indicator of blood loss in birds
(Olaymeni 2009; Palmer et al., 1979).
2. Methods
2.1. Study species and site
The study was conducted January–April, 2010 at El Garrapatero
on Santa Cruz Island, Galapagos. The field site is a 1.5 km ! 1.5 km
area located in the arid coastal zone. Medium ground finches are
abundant at this site (Huber, 2008), where they nest in endemic
tree cacti (Opuntia echios gigantea) 1.5–4 m above the ground.
Finch clutch sizes range from 2–5 eggs, and the eggs are incubated
for approximately 14 days (Grant, 1999). Nestlings normally fledge
10–14 days after hatching.
2.2. Manipulation of parasite abundance
Active nests were checked every other day between 600 and
1100 h throughout the study. When the first nestling hatched,
the nest was randomly assigned to either an experimental or con-
trol group. Nestlings were temporarily removed while experimen-
tal nests (n = 15) were sprayed with a 1% permethrin solution
(hereafter, fumigated nests) and control nests (n = 15) were
sprayed with water (hereafter, sham-fumigated). After all of the
nestlings in a nest had fledged or died, the nest was collected
and sealed in a plastic bag; medium ground finches do not reuse
nests (Grant 1999). Nests were dissected within 8 h of collection
and P. downsi larvae, pupae, and eclosed pupal cases were counted.
First instar larvae were not included in tallies of parasite abun-
dance because they are too small to see reliably in the nest mate-
rial (Koop et al., 2011). Total parasite abundance was calculated as
the sum of all second and third instar larvae, pupae, and eclosed
pupal cases found in a nest.
2.3. Field monitoring procedures
Adult birds and nests were monitored to determine their repro-
ductive stage. When nestlings were 3–6 days old, a mist net was
placed in the nest territory to catch the attending adult female.
This time period was chosen to minimize sample loss due to the
failure of parasitized nests, which often happens less than a week
after hatching of the first egg (Koop et al., 2013). Once opened, nets
were under constant surveillance. Netted birds were removed from
the net and a blood sample was taken within 3 min of capture to
assess baseline corticosterone levels. For each bird, a sterile 28-
gauge needle was used to puncture the brachial (alar) vein, and
the blood sample (<75 lL) was collected into a heparinized
microhematocrit tube. Critoseal-sealed tubes were held on ice un-
til centrifugation, which took place within 6 h of collection. Capil-
lary tubes were spun at 8000 rpm for 10 min in a centrifuge.
Hematocrit was measured in the capillary tube from the first blood
sample with digital calipers to estimate the volume of packed red
blood cells in relation to total blood volume. Blood and plasma
were transferred and stored in separate 0.5 mL microcentrifuge
vials at "20 !C until the end of the field season. Samples were then
transported to the University of Utah and stored at "80 !C until
processing for hormones.
Following collection of the first blood sample, each female finch
was fitted with a numbered monel metal band and three plastic
color bands for identification. Birds were weighed to the nearest
0.1 g and tarsal length was measured in triplicate. Body condition
was estimated with a scaled mass index (SMI), calculated using
body mass and tarsus length, as described by Peig and Green
(2009). Following banding, each bird was placed in an individual
cloth bag and another blood sample (<75 lL) was drawn 15 min
after capture. The second blood sample was used to monitor
changes in corticosterone (stress-induced corticosterone) upon
exposure to an acute stressor, following the method of Wingfield
et al. (1982). Because of the hot climate at our field site, which
poses a danger to the health of captive birds, we released birds
within 20 min of capture.
2.4. Radioimmunoassay protocol
Plasma samples were assayed in duplicate for corticosterone
(antibody from Fitzgerald #20-CR45) using a previously described
protocol (French et al., 2010). Briefly, samples were extracted using
a 30% ethyl acetate/isooctane mixture. Corticosterone was sepa-
rated from the sample using column chromatography (50% ethyl
acetate/isooctane elution). The ethyl acetate/isooctane phase was
separated, dried, and re-suspended in PBS buffer. For each sample
we used an aliquot of the re-suspended fractions to measure indi-
vidual recoveries following extraction and chromatography. These
recoveries were used to adjust the final sample concentration val-
ues to account for any losses during these procedures. The coeffi-
cient of variation for corticosterone was 13.5% and the average
minimum detectable value was 0.3 ng/mL. Two females (both from
sham-fumigated nests) had baseline corticosterone values that fell
below the standard curve for the assay (outside the range of
detectable values); these birds were excluded from further analy-
ses. Because plasma volumes were limited, these samples could
not be re-run at different dilutions.
S.A. Knutie et al. / General and Comparative Endocrinology 193 (2013) 68–71 69
	   17 
	  
2.5. Statistical analysis
Statistical analyses were done in Prism! v.5.0b (GraphPad Soft-
ware, Inc.). All relevant parameters were tested for normality using
a D’Agostino and Pearson omnibus normality test. Parasite abun-
dance was compared between treatments with a Mann–Whitney
U test. A two-way ANOVA was used to compare baseline and
stress-induced corticosterone concentrations between parasite
treatments. Body condition and hematocrit were compared be-
tween parasite treatments with separate two-tailed t-tests.
3. Results
The experimental manipulation of nests was successful. Sham-
fumigated nests had a mean ± SE of 44.73 ± 6.30 parasites/nest
(lower and upper 95% confidence intervals of the mean (95% CI:
31.23–58.24), whereas fumigated nests had a mean of 0.27 ± 0.27
parasites/nest (95% CI: !0.31 to 0.84) (Fig. 1; Mann–Whitney,
U = 0.00, P < 0.0001). Fourteen of the 15 fumigated nests were par-
asite free; the remaining nest, which experienced heavy rain soon
after being treated, had four fly larvae. The female finch from this
nest was included in all analyses. In the fifteen sham-fumigated
nests, parasite abundance ranged from 5 to 79 flies per nest.
There was a significant effect of stress on corticosterone
concentration: stress-induced corticosterone was significantly
higher than baseline corticosterone (Fig. 2; two-way ANOVA,
F1,50 = 131.5, P < 0.0001). However, there was no significant effect
of parasite treatment on corticosterone (F1,50 = 0.0001, P = 0.99),
nor was there a significant interaction between treatment and
time (F1,50 = 0.12, P = 0.73). Baseline corticosterone values were
as follows: fumigated: n = 13, mean ± SE = 13.29 ± 0.82 ng/mL,
95% CI: 11.51–15.08; sham-fumigated: n = 11, mean ±
SE = 11.89 ± 0.93 ng/mL, 95% CI: 9.81–13.96. Stress-induced corti-
costerone values were as follows: fumigated n = 15, mean ±
SE = 58.54 ± 4.90 ng/mL, 95% CI: 48.03–69.05; sham-fumigated
n = 15, mean ± SE = 57.22 ± 4.94 ng/mL, 95% CI: 46.62–67.81.
Body condition (estimated by SMI) did not differ significantly
between females from fumigated (n = 14, mean ± SE = 21.8 ± 0.9 g,
95% CI: 19.9–23.7) and sham-fumigated nests (n = 12, mean ±
SE = 23.3 ± 1.0 g, 95% CI: 21.1–25.5; two-tailed t-test, t = 1.15,
df = 24, P = 0.26). Likewise, hematocrit did not differ significantly
between treatments (fumigated: n = 13, mean ± SE = 47.08,
95% CI: 44.74–49.41 ± 1.10; sham-fumigated: n = 14,
mean ± SE = 47.57, 95% CI: 45.78–49.36 ± 0.83; two-tailed t-test,
t = 0.37, df = 25, P = 0.72). Across both treatments, baseline cortico-
sterone did not correlate significantly either with body condition
(Spearman, r = !0.20, P = 0.38) or hematocrit (r = !0.16, P = 0.49).
4. Discussion
To our knowledge, this is the first study to examine the stress
response of Darwin’s finches in relation to parasites. We found that
female finches are capable of a functional stress response, as indi-
cated by significantly higher stress-induced corticosterone levels
than baseline levels. We predicted that females at parasitized nests
would have higher levels of baseline and stress-induced corticoste-
rone than females at non-parasitized nests. However, there was no
significant difference between parasite treatments, indicating that
parasitism by P. downsi does not alter corticosterone levels in adult
female finches, at least over the time interval of our study.
We also investigated whether P. downsi affects female body
condition and hematocrit, which are known correlates of cortico-
sterone response (Kitaysky et al., 1999; Schoech et al., 1997; Sock-
man and Schwabl, 2001). P. downsi had a significant negative effect
on the reproductive success of birds in this study; see Koop et al.
(2013) for details. However, neither the body condition nor hemat-
ocrit of adult females differed significantly between parasite treat-
ments. These results suggest that female medium ground finches
did not suffer direct adverse effects of parasitism by P. downsi.
There are several possible explanations for why we did not ob-
serve a relationship between parasitism and corticosterone. The
simplest explanation is thatP. downsi is not a significant stressor
for adult female birds. While previous studies suggest that female
finches are bitten by P. downsi (Huber et al., 2010; Koop et al.,
2013), the frequency with which this occurs is unknown. Our study
did not find a significant difference in hematocrit values between
females sitting on parasitized and non-parasitized nests. This re-
sult suggests that females are not losing much blood to P. downsi
larvae. Hence, there may be little stimulus for increased corticoste-
rone levels.
It is important to note the short time frame of our study.
P. downsi can cause nests to fail within a week of the eggs hatching
(Koop et al., 2013). We therefore sampled adult female birds for
blood relatively quickly (within 4–6 days of the eggs hatching).
Since we did not sample females for blood after their nests had
failed, we were unable to test whether nest failure itself is a stres-
sor for female finches. Logan and Wingfield (1995) found signifi-
cant increases in the corticosterone levels of female northern
mockingbirds (Mimus polyglottos) during incubation of replace-
ment clutches. It is possible that female medium ground
finches show an increase in corticosterone levels if and when they
re-nest. Further work is needed to determine whether females
Fig. 1. Comparison of the mean (95% CI) number of P. downsi in fumigated (n = 15)
and sham-fumigated (n = 15) nests.
Fig. 2. Mean plasma corticosterone levels (95% CI) in female medium ground
finches from fumigated and sham-fumigated nests. Baseline measurements were
taken within 3 min of capture; stress-induced measurements were taken 15 min
after capture.
70 S.A. Knutie et al. / General and Comparative Endocrinology 193 (2013) 68–71
	   18 
	  
experiencing prolonged exposure to P. downsi exhibit a corre-
sponding stress response.
It is also possible that significant changes in corticosterone in
response to parasitism may be apparent only during ‘‘bad’’ years
when birds experience other intense sources of stress. For example,
Raouf et al. (2006) showed that adult cliff swallows parasitized by
hematophagous swallow bugs have higher baseline corticosterone
than non-parasitized birds; however, this was true only for birds
nesting in large colonies, which are thought to increase levels of
social stress. Cliff swallows in smaller colonies did not show higher
levels of corticosterone, perhaps because of reduced competition
for food. This result suggests that a combination of stressors can in-
crease corticosterone levels. Our study took place in a year of high
rainfall, during which birds were presumably able to find sufficient
food and breed readily. Finches do not breed well in years of low
rainfall and scarce food supplies (Koop et al., in press). Changes
in corticosterone induced by P. downsi may be more apparent in
dry years, when birds are under greater nutritional stress. It would
be interesting to repeat our study in a dry year.
In summary, our results suggest that the impact of P. downsi on
finch reproductive success is not mediated by a stress response in
breeding females. Nestling finches may experience stress re-
sponses due to P. downsi parasitism; however, we were unable to
test this hypothesis because most nestlings died before we could
obtain adequate blood samples. Several studies have demonstrated
increased levels of corticosterone in nestlings in response to ecto-
parasites in the nest (Eggert et al., 2010; Kitaysky et al., 2001;
Raouf et al., 2006). Breeding adults can leave the nest, temporarily
escaping parasites. Nestlings, by contrast, are essentially captive in
the nest until they fledge. Thus, nest parasites may be a more in-
tense and persistent stressor to nestlings, exacerbating negative
fitness consequences.
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GALÁPAGOS MOCKINGBIRDS ARE TOLERANT HOSTS OF INTRODUCED 




Introduced parasites threaten native host populations that lack effective defenses.  
Host species that are relatively unaffected (i.e. tolerant hosts) can allow for the parasite to 
persist in the environment and increase the threat of infection for vulnerable host 
populations.  Recently, the introduced parasitic nest fly Philornis downsi has been 
implicated in the decline of Darwin’s finch populations in the Galápagos Islands.  In 
some years, 100% of finch nests at a given location fail due to P. downsi; however, other 
common host species nesting near Darwin’s finches, such as the endemic Galápagos 
mockingbird (Mimus parvulus), appear less affected by P. downsi.  If M. parvulus is 
unaffected by the nest fly, this species may represent a host that amplifies the threat of P. 
downsi to vulnerable hosts, such as Darwin’s finches.  The goal of this study was to 
compare the effects of P. downsi on the fitness of mockingbirds and medium ground 
finches (Geospiza fortis).  We experimentally manipulated P. downsi abundance in the 
nests of mockingbirds and finches to compare the effects of the parasite on host 
reproductive fitness.  We also examined host immunological and behavioral responses.  
We found that both species had similar numbers of parasites per gram of host body mass.  
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P. downsi decreased nestling growth and survival of finches only, despite both species 
losing substantial amounts of blood hemoglobin to the parasite. Among finch nestlings, 
begging, plasma glucose levels, and parental provisioning did not change in response to P. 
downsi. In contrast, mockingbird nestlings increased energy intake in response to P. 
downsi, with parasitized mockingbird nestlings begging more than nonparasitized 
nestlings.  Greater begging was related to increased parental provisioning, which may 
have compensated for parasite damage.  Our study suggests that finches are negatively 
affected by P. downsi because they do not have an effective behavioral feedback system 
to compensate for energy lost to the parasite.  Furthermore, mockingbirds may indirectly 




Introduced parasites threaten native host populations that lack effective defenses 
(Daszak et al. 2000, Keesing et al. 2010).  For example, chytrid fungus Batrachochytrium 
dendrobatidis has been implicated in the decline and extinction of many species of 
amphibians (Daszak et al. 1999, Skerratt et al. 2007).  However, not all hosts are 
vulnerable to introduced parasites; the fitness of some host species is clearly reduced, 
while the fitness of other host species is relatively unaffected. Such hosts tolerate the 
effects of the parasite without affecting parasite fitness and can provide a stable resource 
for the introduced parasite (Schmid-Hempel 2011).  In turn, tolerant hosts increase the 
‘force of infection’ for vulnerable host populations, which is the rate of the vulnerable 
population that the infected hosts are able to contact and infect per unit of time (Anderson 
and May 1991, Hudson et al. 2002).  The Pacific chorus frog (Pseudacris regilla) in the 
Sierra Nevada of California provides such an example.  Despite catastrophic declines of 
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more vulnerable frog species, chorus frogs survive heavy fungal infections (Reeder et al. 
2012).  These hosts can maintain large numbers of parasites in the environment, even 
when vulnerable host populations are declining (Nokes 1992) and are an indirect threat to 
populations of more vulnerable host species (Daszak et al. 2001, McCallum 2012).  
Small island populations may be particularly vulnerable to the effects of 
introduced parasites (Wikelski et al. 2004, Atkinson and Lapointe 2009).  A classic 
example involves the historical introduction of avian malaria parasites and their mosquito 
vectors to the Hawaiian Islands.  This introduction is thought to have been partly 
responsible for the extinction of 17 endemic honeycreeper species (Atkinson and 
Lapointe 2009).  However, some species of honeycreepers appear to be unaffected by 
malarial parasites.  For example, experiments with captive birds suggest that the amakihi 
honeycreeper (Hemignathus virens virens) is relatively unaffected by the malaria parasite 
and likely maintains the parasite in the environment (Atkinson et al. 2000).  Thus, the 
amakihi may be a host that amplifies the negative effect of malaria on more vulnerable 
and declining honeycreeper species (Atkinson and Lapointe 2009).   
Direct comparisons of the impact of introduced parasites on different host species 
in the same community have seldom been carried out under natural conditions.  This 
approach is also difficult because the most rigorous method for assessing the relative 
effect of parasites on different host species is by experimental manipulation of the 
parasite (McCallum and Dobson 1995).  Comparative experimental studies of the effects 
of parasites on different host species are important for vulnerable host species with 
limited population sizes, such as those on islands.  Such studies could play a critical role 
in determining the force of infection within the host-parasite community.  
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Introduced parasites have colonized the Galápagos Islands of Ecuador in recent 
decades, threatening endemic species of birds (Wikelski et al. 2004).  The most notorious 
example is the introduced parasitic nest fly Philornis downsi, which has been implicated 
in the decline of critically endangered species of Darwin’s finches (O’Connor et al. 2009, 
Fessl et al. 2010).  Adult flies, which are not parasitic, lay their eggs in the nests of 
finches and other land birds in the Galápagos.  Once the fly eggs hatch, the larvae feed on 
the blood of nestlings and adult females when they sit on the nest.  Several studies have 
shown that P. downsi reduces the reproductive success of the medium ground finch 
(Geospiza fortis) and other species of Darwin’s finches (reviewed in Koop et al. 2011).  
In some years, 100% of finch nests at a given location fail to produce fledglings as a 
direct result of P. downsi (Koop et al. 2011, 2013a, O’Connor et al. 2013).  Kleindorfer et 
al. (2014) suggest that in the past decade, finch mortality has increased and age at 
mortality has decreased due to infestation early in the nestling period by P. downsi.  
Other common host species nesting near Darwin’s finches, such as the endemic 
Galápagos mockingbird (Mimus parvulus), may be less affected by P. downsi infestation.  
If so, then such species could represent hosts that amplify the force of infection of P. 
downsi for vulnerable hosts, such as Darwin’s finches.  The goal of the current study was 
to compare the effects of P. downsi on the fitness of mockingbirds and medium ground 
finches at the same time and location.  To achieve this goal, we measured the effect of the 
parasite on nestling mockingbirds and medium ground finches over two field seasons at a 
single site.  During the first season, we compared the effect of P. downsi on the size and 
fledging success of nestling mockingbirds and medium ground finches.  We also tested 
for evidence of nestling immune responses to P. downsi.  During the second season, we 
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repeated these comparisons, and we also compared the effect of P. downsi on nestling 
hemoglobin and glucose levels, as well as host behavior.   
 
Materials and Methods 
 
Study system 
 The study was conducted January-April 2012 and 2013 on the island of Santa 
Cruz in the Galápagos Archipelago.  Our field site, El Garrapatero, is 4 x 3 km in the arid 
coastal zone.  Galápagos mockingbirds and medium ground finches are abundant at the 
site.  Mockingbirds build open cup-shaped nests, primarily in giant prickly pear cacti 
(Opuntia echios gigantea) or Acacia trees.  Mockingbird clutch size ranges from 1-5 eggs, 
and females incubate the eggs for 12-13 days (Grant and Grant 1979).  Nestlings spend 
an average of 15 days in the nest, and both the adult females and males feed them.  
Mockingbirds usually lay one clutch of eggs per breeding season; if the nest fails 
completely, then they may lay a second clutch.  Mockingbirds normally do not reuse the 
same nest.  
Finches build dome-shaped nests in giant prickly pear cacti or Acacia trees (Grant 
1999).  Their clutch sizes range from 2-5 eggs and females incubate the eggs for 10-14 
days.  Nestlings spend an average of 12 days in the nest, and the adult females and males 
both feed them.  In years of favorable weather and food resources, medium ground 
finches can lay more than one clutch of eggs within a single breeding season; however, 
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Experimental manipulation of parasites 
 
To quantify the effect of P. downsi on host fitness, experimental nests were 
fumigated with a 1% aqueous permethrin solution (Permectrin™ II).  Control nests were 
sham-fumigated with water.  Permethrin has been used in previous studies (Fessl et al. 
2006, Koop et al. 2013b, 2013a, O’Connor et al. 2013); it is harmless to birds, including 
newly hatched nestlings.  Nests were sprayed soon after the first nestling hatched, then 
again 4-6 days later.  Nest contents (nestlings, unhatched eggs, and liner) were removed 
during the brief treatment process.  The nest contents were returned to the nest after it 
was dry (<10 minutes).  Parents quickly returned to the nest after treatment; no cases of 
nest abandonment due to treatment were observed for either host species. 
 
Nestling size and fledging success 
 
In 2012, each nestling was weighed twice: first within 24 hours of hatching, then 
again at 9-10 days of age.  In 2013, each nestling was weighed three times: first within 
24 hours of hatching, then again at one-third and two-thirds of the nestling 
developmental period.  Hence, the second weighing occurred when finch nestlings were 
4-5 days old, and mockingbird nestlings were 5-6 days old.  The third weighing occurred 
when finch nestlings were 8-9 days old, and mockingbird nestlings were 10-11 days old.     
Nestlings were banded with unique color band combinations.  Successful 
fledging was confirmed by identifying birds from their color bands after they had left the 
nest, as in previous studies (Koop et al. 2011, 2013b, 2013a).  After the birds in a nest 
had fledged or died, the nest was collected and placed in a sealed plastic bag.  The 
number of P. downsi in the nests was then quantified, as described below.  
 
	   25 
Parasite load 
Each nest was carefully dissected within 8 hours of collection and P. downsi 
larvae, pupae, and eclosed pupal cases were counted (Koop et al. 2011, 2013b, 2013a).  
Parasite density, defined as the number of individual parasites per unit of host (Bush et 
al. 1997), was determined.  For mockingbirds and finches, density was calculated by 
dividing the number of parasites per nest by the total mass of nestlings in a given nest.   
All larvae and pupae were reared to the adult stage to confirm that they were P. 
downsi (Dodge and Aitken 1968).  Most larvae were third instars when the nests were 
collected; these larvae usually pupated within 24 hours.  Younger larvae, which require 
a blood meal, died soon after they were collected from the nest; therefore, they were not 
reared to adulthood.  The length (mm) and width (mm) of pupae were measured with 
digital calipers.  These measurements were used to calculate pupal volume as an 
estimate of individual parasite size, which is related to lifetime fitness in other Muscid 




In 2012, blood was sampled from 9-10-day-old nestlings.  In 2013, blood was 
sampled from nestlings when they were at one-third and two-thirds of the nestling 
period.  A small blood sample (< 30 µL) was collected in a microcapillary tube via 
brachial venipuncture.  Using a portion of this blood, hemoglobin concentration was 
quantified immediately in the field (2013 only).  Hemoglobin concentration has been 
shown to provide accurate estimates of ectoparasite-induced anemia (O’Brien et al. 2001, 
Carleton 2008).  Hemoglobin was measured with a HemoCue® HB 201+ portable 
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analyzer.  Ten microliters of whole blood were placed in a disposable microcuvette, then 
read on the analyzer; total hemoglobin was measured in g/dL. 
The remainder of each blood sample was stored on wet ice in the field.  Within 6 
hours of collection, the samples were spun at 8000 rpm for 10 minutes in a centrifuge.  
Plasma and red blood cells were stored separately in 0.5mL vials in a -20°C freezer at 
the Charles Darwin Research Station.  Samples were later frozen at -80°C after being 
transported in liquid nitrogen to the University of Utah.  The samples were subsequently 




  Enzyme-linked immunosorbent assays (ELISA) were used to detect the presence 
of P. downsi-binding antibodies in the plasma of finches and mockingbirds, using a 
modification of the protocol in Koop et al. (2013a).  Ninety-six-well plates were coated 
with 100 µL/well of P. downsi protein extract (capture antigen) diluted in carbonate 
coating buffer (0.05M, pH 9.6).  Plates were incubated overnight at 4°C, then washed and 
coated with 200 µL/well of bovine serum albumin (BSA) blocking buffer and incubated 
for 30 minutes at room temperature on an orbital table.  Between each of the following 
steps, plates were washed five times with a Tris-buffered saline wash solution, loaded as 
described, and incubated for 1 hour on an orbital table at room temperature.  Triplicate 
wells were loaded with 100 µL/well of individual host plasma (diluted 1:100 in sample 
buffer).  Plates were then loaded with 100 µL/well of Goat-αBird-IgG (diluted 
1:50,000)(Antibodies Online).  Finally, plates were loaded with 100 µLwell of 
peroxidase substrate (tetramethylbenzidine, TMB: Bethyl Laboratories) and incubated for 
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exactly 30 minutes.  The reaction was stopped using 100 µL/well of stop solution (Bethyl 
Laboratories).  Optical density (OD) was measured using a spectrophotometer (BioTek, 
PowerWave HT, 450-nanometer filter).   
On each plate, a positive control of pooled plasma from adult female finches was 
used in triplicate to correct for interplate variation (Koop et al. 2013a).  In addition, each 
plate contained a nonspecific binding (NSB) sample in which capture antigen and 
detection antibody were added, but plasma was excluded.  Finally, each plate included a 
blank sample in which only the detection antibody was added, but plasma and capture 
antigen were excluded.  NSB absorbance values were subtracted from the mean OD 




Plasma glucose was measured using blood samples taken from mockingbird and 
finch nestlings at around the same time their behavior was quantified; see below.  An 
Endpoint Autokit (Wako, Inc.) was used to measure plasma glucose for mockingbirds 
and finches with a modified protocol based on Guglielmo et al. (Guglielmo et al. 2013).  
The kit provided 500 mg/dL and 200 mg/dL standards.  From these standards, a standard 
curve was created ranging from 50-500 mg/dL.  Following the manufacturer’s protocol, 
the buffer solution and color reagent were mixed together, then refrigerated at 4°C until 
used in the assay.  Three microliters of sample or standard were run primarily in 
duplicate, assuming sufficient sample was available, on Nunc® MicroPlate™ 96-well 
polystyrene plates (Sigma-Alrich).  The buffer solution was prewarmed to 37°C, then 
300 uL were added to each well.  The plate was incubated at 37°C on a microplate 
incubator shaker (Stat Fax® 2200) for 10 minutes, then shaken for 10 seconds on low 
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speed.  Optical density (OD) was measured using a spectrophotometer (BioTek, 
PowerWave HT, 505-nanometer filter).  Samples were corrected for intraplate variation 
based on the 500 mg/dL standard. Glucose concentration for each sample was calculated 
using the slope and intercept of the line from the standard curve (y = 0.003x + 0.0352).   
 
Nestling and adult behavior 
 
Mockingbird behavior was recorded during the 2013 field season; finch behavior 
was recorded during the 2010 field season at the same location; see Koop et al. (2013a).  
Host behavior was monitored with battery-powered Sony® video camera systems.  
Small nest cameras (31 mm in diameter, 36 mm in length) were suspended above nests; 
7-meter long cables connected the cameras to small recording devices (PV700 Hi-res 
DVR, StuntCams) that were hidden near the base of the cactus.  Behavior was recorded 
between 0600 and 1000 in haphazard subsamples of fumigated and sham-fumigated 
nests.  
Nestling behavior was later quantified from the videos at the University of Utah.  
Nestling begging occurred when one or more nestlings tilted their head back, with the 
neck extended and the open mouth gape showing (Christe et al. 1996).  Begging was 
quantified as a proportion of total video time.  Nestling agitation behavior, defined as 
shaking, repositioning, or jumping in the nest, was also quantified.  
Adult behavior was also quantified from videos.  These behaviors included the 
proportion of time each adult spent at the nest.  We were unable to distinguish female 
and male mockingbirds because mockingbirds are not sexually dimorphic.  The 
following adult behaviors were quantified: brooding nestlings, standing erect in the nest, 
standing motionless on the rim of the nest, nest sanitation, self-preening, allopreening 
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nestlings, and provisioning (feeding) nestlings.  Brooding was defined as the adult 
sitting on the nest in direct contact with nestlings.  Nest sanitation was defined as the 
adult contacting or manipulating nest material with its bill.  Provisioning of nestlings 
was defined as the transfer of food from adults to one or more nestlings.  Because adults 
often preen themselves while brooding nestlings, self-preening was analyzed separately 
from the other behaviors.  All other behaviors were analyzed as the proportion of total 
time that adults engaged in each behavior. 
All behaviors were quantified from videos by one of the authors (M.T.) who was 
blind to nest identity or treatment. Videos were analyzed using the software VLC media 
player (VideoLAN), except in the case of begging, which was analyzed using CowLog 
v.2.1 (Hänninen and Pastell 2009).  A single day of video from each nest was paired 
between treatments, based on nestling age and brood size.  There was no significant 
difference in brood size or nestling age between treatments. 
Mockingbird behaviors were quantified from a total of 41 hours of video, with an 
average of 2.5 hours of video for each of the 16 mockingbird nests (eight fumigated, 
eight sham-fumigated).  Mockingbird nestlings in the videos ranged in age from 3 to 6 
days, and brood size ranged from 1 to 5 nestlings.  
Finch behaviors were quantified from a total of 54 hours of video, with an 
average of 3 hours of video for each of the 18 finch nests (nine fumigated, nine sham-
fumigated) (Koop et al. 2013a).  Finch nestlings in the videos ranged in age from 2 to 6 
days, and brood size ranged from 1 to 5 nestlings.  Adult finch behaviors are also 
presented separately by sex in Koop et al. (2013a). 
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Statistical analyses 
 
Statistical analyses were performed in Prism® v.5.0b (GraphPad Software, Inc.) 





The experimental treatment of nests with permethrin was effective at reducing the 
abundance of parasites in both mockingbird and finch nests; fumigated nests had few, if 
any, parasites.   Fumigated mockingbird nests had significantly fewer parasites than 
sham-fumigated nests in both years of the study (Wilcoxon signed rank test: 2012, W = -
120.0, P < 0.0001; 2013, W = -132.0, P < 0.001).  In 2012, fumigated mockingbird nests 
had a mean ± SE of 0.63 ± 0.44 parasites (n = 16), compared to 71.63 ± 17.27 parasites (n 
= 16) in sham-fumigated nests.  In 2013, fumigated mockingbird nests had a mean of 
0.41 ± 0.31 parasites (n = 17), compared to 50.94 ± 11.17 parasites (n = 17) in sham-
fumigated nests. 
Similarly, fumigated finch nests had significantly fewer parasites than sham-
fumigated nests in both years of the study (Wilcoxon signed rank test: 2012, W = -62.0, P 
= 0.007; Mann-Whitney test: 2013, U = 20.00, P < 0.0001).  In 2012, fumigated finch 
nests had a mean of 0.25 ± 0.25 parasites (n = 12), compared to 26.17 ± 9.09 parasites (n 
= 12) in sham-fumigated nests.  In 2013, fumigated finch nests had a mean of zero 
parasites (n = 20), compared to 17.00 ± 3.89 parasites (n = 17) in sham-fumigated nests 
(the 2013 finch nest parasite data were first reported in Knutie et al. (2014).   
Parasite density (number of parasites per gram of nestling) did not differ 
significantly between mockingbirds and finches in either year of the study (Table 3.1; 
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Mann-Whitney test: 2012, U = 44.00, P = 0.43; 2013, U = 78.00, P = 0.98).  The size 
(pupal volume) of parasites in mockingbird and finch nests also did not differ 
significantly (Table 3.1; Student’s t-test: 2012, t = 0.70, df = 20, P = 0.49; 2013, t = 0.22, 




P. downsi had no effect on the size of mockingbird nestlings in either year of the 
study.  Nestling mass increased significantly with increasing age in 2012 (two-way 
ANOVA, age, F1,52 = 1686.00, P < 0.0001; Bonferroni post-hoc tests: P < 0.05 for all 
ages).  However, there was no significant effect of fumigation on nestling mass (Fig. 
3.1A; treatment, F1,52 = 1.34, P = 0.25).  At hatching, mockingbird nestlings from 
fumigated nests weighed 4.20 ± 0.14g (n = 15 nests), compared to 4.10 ± 0.20g (n = 11 
nests) for nestlings from sham-fumigated nests (Bonferroni post-hoc test: P > 0.05).  At 
9-10 days of age, mockingbird nestlings from fumigated nests weighed 34.32 ± 0.62g (n 
= 15), compared to 32.77 ± 1.15g (n = 15) for nestlings from sham-fumigated nests (Fig. 
3.1A; P > 0.05).  There was no significant interaction between age and treatment for 
nestling mass (age x treatment, F1,52 = 1.00, P = 0.32).  
Mockingbird nestling mass also increased significantly with age in 2013 (two-
way ANOVA, age, F2,75 = 727.10, P < 0.0001; Bonferroni post-hoc tests: P < 0.05 for all 
ages).  There was again no significant effect of fumigation on nestling mass (Fig. 3.1B; 
treatment, F1,75 = 0.03, P = 0.86).  At hatching, mockingbird nestlings from fumigated 
nests weighed 3.96 ± 0.14g (n = 14 nests), compared to 3.93 ± 0.16g (n = 10 nests) for 
nestlings from sham-fumigated nests (Bonferroni post-hoc test: P > 0.05).  At one-third 
of the nestling developmental period, mockingbird nestlings from fumigated nests 
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weighed 18.16 ± 0.84g (n = 15 nests), compared to 18.48 ± 0.80g (n = 15 nests) for 
nestlings from sham-fumigated nests (P > 0.05).  At two-thirds of the nestling 
developmental period, mockingbird nestlings from fumigated nests weighed 35.30 ± 
0.62g (n = 14 nests), compared to 34.67 ± 1.32g (n = 13 nests) for nestlings from sham-
fumigated nests (Fig. 3.1B; P > 0.05).  There was no significant interaction between age 
and treatment for nestling mass (age x treatment, F2,75 = 0.19, P = 0.83).   
Finch nestling mass increased significantly with age in 2012 (two-way ANOVA, 
age, F1,34 = 775.30, P < 0.0001; Bonferroni post-hoc tests: P < 0.05 for all ages).  There 
was no significant effect of fumigation on nestling mass, but there was a trend for older 
nestlings in fumigated nests to be heavier (Fig. 3.1C; treatment, F1,34 = 2.81, P = 0.10).  
At hatching, finch nestlings from fumigated nests weighed 2.29 ± 0.09g (n = 11 nests), 
compared to 2.12 ± 0.08g (n = 6 nests) for nestlings from sham-fumigated nests 
(Bonferroni post-hoc test: P > 0.05).  The smaller sample size of young nestlings in the 
sham-fumigated group is due to the discovery of several nests after nestlings were more 
than 24 hours old.  At 9-10 days of age, finch nestlings from fumigated nests weighed 
14.97 ± 0.39g (n = 12 nests), compared to 13.68 ± 0.71g (n = 9 nests) for nestlings from 
sham-fumigated nests (Fig. 3.1C; P = 0.10).  There was no significant interaction 
between age and treatment for nestling mass (age x treatment, F1,34 = 1.66, P = 0.21).  
Finch nestling mass also increased significantly with age in 2013 (two-way 
ANOVA, age, F2,83  = 465.20, P < 0.0001; Bonferroni post-hoc tests: P < 0.05 for all 
ages).  The larger sample size of finch nests in 2013 revealed a significant effect of 
fumigation on the mass of older nestlings (Fig. 3.1D; treatment, F1,83  = 5.52, P = 0.02).  
At hatching, finch nestlings from fumigated nests weighed 2.17 ± 0.08g (n = 13 nests), 
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compared to 2.22 ± 0.08g (n = 8 nests) for nestlings from sham-fumigated nests 
(Bonferroni post-hoc test: P > 0.05).  At one-third of the nestling developmental period, 
finch nestlings from fumigated nests weighed 7.19 ± 0.22g (n = 18 nests), compared to 
6.53 ± 0.27g (n = 17 nests) for nestlings from sham-fumigated nests (P > 0.05).  At two-
thirds of the nestling developmental period, finch nestlings from fumigated nests weighed 
13.28 ± 0.31g (n = 18 nests), compared to 11.96 ± 0.54g (n = 15 nests) for nestlings from 
sham-fumigated nests (Fig. 3.1D; P < 0.05).  However, there was no significant 
interaction between age and treatment for nestling mass (age x treatment, F2,83 = 1.94, P = 




There was no effect of the experimental manipulation of parasite load on the 
fledging success of mockingbirds.  The number of nestlings that fledged from 
mockingbird nests did not differ between treatments in either year (Fig. 3.2A).  In 
contrast, there was an effect of the experimental manipulation of parasite load on the 
fledging success of finches.  Sham-fumigated finch nests fledged significantly fewer 
offspring than fumigated nests in both years of the study (Fig. 3.2B; the 2013 finch data 
were first published in Knutie et al. (2014).   
Comparing fledging success at the level of nests rather than nestlings provided 
similar results; there was no effect of the experimental manipulation of parasites on the 
number of mockingbird nests that fledged at least one offspring in either year of the study 
(Table 3.1; Fisher’s exact test: 2012, P = 1.00; 2013, P = 1.00).  However, there was an 
effect of the experimental manipulation on the number of finch nests that fledged at least 
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one offspring; the data showed a nonsignificant trend in 2012, and a statistically 




Mockingbird nestling hemoglobin increased significantly with age (Table 3.2; 
two-way ANOVA: age, F1,55 = 23.37, P < 0.0001; Bonferroni post-hoc test: P < 0.05).  
There was also a significant effect of fumigation on nestling hemoglobin (treatment, F1,55 
= 19.28, P < 0.0001).  Mockingbird nestlings from fumigated nests had significantly 
more hemoglobin (30%) than nestlings from sham-fumigated nests two-thirds of the way 
through the nestling period (Fig. 3.3; Bonferroni post-hoc test: one-third: P > 0.05, two-
thirds: P < 0.05).  There was also a significant interaction between age and treatment for 
hemoglobin (age x treatment, F1,55 = 5.08, P = 0.03).   
Finch nestling hemoglobin also increased significantly with age (Table 3.2; two-
way ANOVA: age, F1,62 = 30.53, P < 0.0001; Bonferroni post-hoc test: P < 0.05).  There 
was also a significant effect of fumigation of nestling hemoglobin (treatment, F1,62 = 8.80, 
P = 0.004).  Finch nestlings from fumigated nests had significantly higher hemoglobin 
(14%) than nestlings from sham-fumigated nests two-thirds of the way through the 
nestling period (Fig. 3.3; Bonferroni post-hoc test: one-third: P > 0.05, two-thirds: P < 
0.05). However, there was not a significant interaction between age and treatment for 




Antibody levels were nearly undetectable in mockingbird nestlings in both years. 
Antibody levels did not differ significantly between 9-10-day-old nestlings in fumigated 
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and sham-fumigated nests in 2012 (Wilcoxon signed rank test: W = -44.00, P = 0.23).  
Mean antibody level in nestlings from fumigated nests was 0.03 ± 0.01 (n = 15 nests), 
compared to 0.04 ± 0.01 (n = 15 nests) in nestlings from sham-fumigated nests.  In 2013, 
nestling antibody levels increased significantly between one-third and two-thirds of the 
nestling developmental period (Table 3.2; two-way ANOVA: age, F1,44 = 29.22, P < 
0.0001).  However, there was no effect of treatment on antibody level (treatment, F1,44 = 
1.02, P = 0.32), nor was there a significant interaction between age and treatment for 
antibody level (age x treatment, F1,44 = 0.02, P = 0.90).   
Antibody levels were also low in finch nestlings in both years.  Antibody levels in 
9-10-day-old finch nestlings did not differ significantly between treatments in 2012 
(Student’s t-test: t = 0.78, df = 19, P = 0.45).  Mean antibody level in nestlings from 
fumigated nests was 0.18 ± 0.02 (n = 12 nests), compared to 0.23 ± 0.06 (n = 9 nests) in 
nestlings from sham-fumigated nests.  In 2013, antibody levels were nearly undetectable 
in younger finch nestlings (Table 3.2).  Antibody levels increased significantly with age 
(two-way ANOVA: age, F1,55 = 16.67, P < 0.0001); however, there was no effect of 
treatment on antibody level (treatment, F1,55 = 0.51, P = 0.48), nor a significant 
interaction between age and treatment for antibody level (age x treatment, F1,55 = 0.03, P 




Mockingbird nestlings from fumigated nests had significantly lower glucose 
levels than nestlings from sham-fumigated nests (Fig. 3.4; Mann-Whitney test: U = 34.00, 
P = 0.05).  Nestlings from fumigated nests had a mean glucose level of 241.4 ± 4.07 
mg/dL (n = 11 nests) compared to 265.0 ± 11.15 mg/dL in nestlings from sham-
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fumigated nests (n = 12 nests).  However, glucose concentration in finch nestlings did not 
differ significantly between treatments; nestlings from fumigated nests had a mean of 
214.2 ± 9.19 mg/dL (n =7 nests) compared to 219.8 ± 9.83 mg/dL in nestlings from 
sham-fumigated nests (n = 13 nests) (Fig. 3.4; U = 42.00, P = 0.81). 
 
Nestling and adult behavior 
 
Mockingbird nestlings from sham-fumigated nests spent significantly more time 
begging than nestlings from fumigated nests (Table 3.3; Fig. 3.5A).  In contrast, 
mockingbird nestling agitation did not differ significantly between fumigated and sham-
fumigated nests (Table 3.3).  
The amount of time adult mockingbirds spent at fumigated and sham-fumigated 
nests did not differ significantly (Table 3.3).  Adults spent less than 0.01% of their time at 
the nest self-preening, which was not exclusive of other behaviors, and there was no 
significant effect of treatment on self-preening (W = -3.00, P = 0.81). 
Adults differed significantly in the time they devoted to mutually exclusive 
behaviors at fumigated versus sham-fumigated nests (Chi-square test: X2 = 18.90, df = 5, 
P < 0.001).  The largest difference was the amount of time adult mockingbirds spent 
brooding, with adults at fumigated nests spenting significantly more time brooding than 
adults at sham-fumigated nests (Table 3.3).  When mockingbirds from sham-fumigated 
nests were not brooding, but were still at the nest, they were either standing erect in the 
nest, or they were standing erect on the rim of the nest.  Adults on the rim of the nest 
were sometimes also probing nest material (nest sanitation), allopreening nestlings, or 
provisioning nestlings.  The amount of time adults spent standing erect in the nest did not 
differ significantly between fumigated and sham-fumigated nests (Table 3.3).  Similarly, 
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the amount of time adults spent standing erect (and motionless) on the rim of the nest did 
not differ significantly between fumigated and sham-fumigated nests (Table 3.3).   
Adult mockingbirds spent very little time engaged in nest sanitation, and there 
was not a significant effect of treatment on sanitation (Table 3.3).  When adult 
mockingbirds from sham-fumigated nests were not brooding but still at the nest, they 
spent most of this time allopreening nestlings while standing on the rim of the nest, 
although the difference between treatments was not significant (Table 3.3).  Adults from 
fumigated nests spent significantly less time provisioning nestlings, compared to adults 
from sham-fumigated nests (Table 3.3; Fig. 3.5A).  Furthermore, the amount of time 
parents provisioned nestlings was positively correlated with the amount of time nestlings 
spent begging (Spearman rank correlation: rs = 0.52, P = 0.04). 
In the case of finches, the amount of time that nestlings begged did not differ 
significantly between fumigated and sham-fumigated nests (Table 3.3; Fig. 3.5B).  The 
amount of time adult finches spent at fumigated and sham-fumigated nests did not differ 
significantly (Table 3.3).  The amount of time parents spent provisioning nestlings was 
correlated with nestling begging time (Spearman rank correlation: rs = 0.81, P < 0.0001).  
However, adult finches did not differ significantly in the amount of time they spent 
provisioning nestlings at fumigated nests, compared to sham-fumigated nests (Table 3.3; 




 The effect of P. downsi varied considerably between finches and mockingbirds.  
As shown in previous studies (Koop et al. 2011, 2013a, O’Connor et al. 2013), P. downsi 
reduced the survival of Darwin’s finch nestlings; the parasite also had an effect on finch 
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body mass.  Despite similar parasite densities in finches and mockingbirds, P. downsi had 
no effect on mockingbird nestling survival or body mass.  The parasite reduced 
hemoglobin in both mockingbirds and finches.  Mockingbird nestlings from sham-
fumigated nests begging significantly more than nestlings from fumigated nests. Greater 
begging was correlated with increased parental provisioning.  Interestingly, mockingbirds 
increased their energy intake in response to P. downsi.  In contrast, finch nestling begging 
and parental provisioning did not change in response to P. downsi, nor was there a 
difference in the plasma glucose levels of nestlings in fumigated and sham-fumigated 
nests.   
Our results suggest that mockingbirds are relatively unaffected by P. downsi and 
may increase the force of infection for Darwin’s finches.  Previous studies have identified 
such hosts using observational or correlational data, rather than by directly comparing the 
effect of parasites on different host species (Atkinson et al. 2000, Haydon et al. 2002).  
More recent field studies have focused primarily on introduced tolerant hosts (Laurenson 
et al. 2003).  However, few studies have described the relative importance of native host 
species as tolerant hosts of an introduced parasite (Atkinson et al. 2000).  In our system, 
P. downsi appears to maintain a large population size.  This may be partly because they 
can parasitize tolerant Galápagos mockingbirds, regardless of potentially declining 
Darwin’s finch host populations (Appendix B).  Mockingbirds are therefore an indirect 
threat to Darwin’s finches, such as the critically endangered mangrove finch, whose 
population is declining, in part, due to P. downsi (Fessl et al. 2010).  The dramatic 
difference in the effect of P. downsi on mockingbirds and finches then poses the question, 
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why are some host species relatively unaffected by a particular parasite, while other host 
species suffer mortality?   
Neither mockingbird nor finch nestlings produced a significant antibody-mediated 
immune response to P. downsi in our study.  In fact, antibody levels in nestlings were 
nearly undetectable, compared to adults (Koop et al. 2013a).  Captive house sparrows 
(Passer domesticus) are able to produce an independent antibody-mediated immune 
response as early as 3 days old when challenged with a nonspecific antigen (King et al. 
2010); it is possible that finch and mockingbird nestlings are incapable of mounting a 
robust immune response to P. downsi or our assay was not sensitive to detect low 
concentrations of antibodies.  Antibody levels increased with nestling age, but the 
response did not differ significantly between treatments.  This may be because the 
antibodies detected were not highly specific to P. downsi.  Instead, the antibodies may 
have been a response to other biting insects, such as mosquitoes, which have antigens in 
their saliva that induce similar responses to those induced by P. downsi (e.g. IgG) in their 
host (Peng et al. 1996).  Our results suggest that a nestling immune response does not 
ameliorate the effect of P. downsi on mockingbirds. 
Mockingbird parents from sham-fumigated nests brooded their nestlings less than 
parents from fumigated nests.  These adults were still present at the nest, but they may 
have been trying to avoid the parasites themselves by standing on the rim of the nest. 
Koop et al. (2013a) found that finches also brood their nestlings less and stand in the 
nests more in sham-fumigated nests, probably to avoid parasites.  However, unlike 
finches, mockingbird parents were also allopreening their nestlings.  It is unclear from 
our video analyses whether parents are successful in removing or injuring P. downsi, as 
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shown in studies of some other systems (reviewed in Clayton et al. 2010), but this 
behavior could serve as an effective defense against P. downsi.  Further tests are needed 
to determine the extent to which mockingbirds can reduce P. downsi in nests through 
allopreening. 
Mockingbirds appear to tolerate effects of P. downsi by increasing parental 
provisioning of nestlings to compensate for energy lost to the parasite.  In other systems, 
parasitic flies can increase host metabolic rate, which depletes host energy resources 
(Careau et al. 2010).  Several studies of other systems have shown that parents from 
sham-fumigated nests feed their nestlings more than parents from fumigated nests, which 
increases nestling survival (Tripet and Richner 1997, Hurtrez-Bousses et al. 1998, Tripet 
et al. 2002).  We also found that increased begging by mockingbird nestlings from sham-
fumigated nests was met with more food by the parents, which likely increased nestling 
survival.  Thus, one apparent mechanism for dealing with some parasite species is an 
effective behavioral feedback system between nestlings and parents.  
Why are finch nestlings not begging more when parasitized by P. downsi?  The 
answer may be that smaller bodied hosts are unable to tolerate the effect of the parasite 
(finch nestlings are half the size of mockingbird nestlings).  Smaller birds require more 
energy per gram of body mass because they have a higher body surface area-to-volume 
ratio compared to larger birds (reviewed in Schmidt-Nielsen 1984).  Thus, smaller bird 
species tend to beg more often than larger bird species (Price and Ydenberg 1995, Christe 
et al. 1996, Leech and Leonard 1996, Kitaysky et al. 2001, Saino et al. 2001, Simon et al. 
2005) and they may be fed more often by their parents (Christe et al. 1996).  Indeed, 
finch nestlings from fumigated nests spent more than twice as much time begging as 
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mockingbirds.  Because begging in small birds is more energetically costly (per gram) 
than begging in larger birds (Jurisevic et al. 1999), finch nestlings may experience a 
ceiling effect, in which they are energetically incapable of increasing the rate of begging 
when parasitized.   
Other small species are able to increase begging in response to native parasitic 
flies (Christe et al. 1996), which suggests that finches may be able to evolve this 
behavioral feedback system.  A future study could test whether parasitized finch nestlings 
would receive more food if they begged more, by artificially increasing begging calls in 
nests with P. downsi.  Prerecorded begging audio in the nest may increase food delivery 
rates by parents (Bengtsson and Rydén 1983, Ottosson et al. 1997).  In turn, increased 
parental provisioning might increase finch nestling survival.  
Our study is one of the first to show differential tolerance to an introduced 
parasite in a natural community.  Another important result from our study is that 
mockingbirds have tolerance mechanisms for dealing with P. downsi.  Mockingbirds can 
alleviate the effect of the parasite without reducing parasite abundance.  Only recently 
has the idea of animal host tolerance to parasitism become more widely recognized as an 
important defense strategy for explaining host-parasite dynamics (Read et al. 2008, 
Råberg et al. 2009, Baucom and de Roode 2011, Medzhitov et al. 2012, Sorci 2013). 
Future studies could focus on defense strategies in host species related to Darwin’s 
finches and Galápagos mockingbirds in the native range of P. downsi.  These tests could 
help to determine whether: 1) mockingbirds also are unaffected in the native range of P. 
downsi, and 2) Darwin’s finches have the potential to evolve effective tolerance defense 
mechanisms against P. downsi in the near future. 
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Table 3.3. Comparison of nestling and adult behaviors for mockingbirds and finches in 
fumigated and sham-fumigated nests.  For mockingbirds, each treatment contained eight 
nests; for finches, each treatment contained nine nests.  Wilcoxon signed rank tests were 








Galápagos mockingbird     
  Nestlings     
     Begging 3.12 ± 0.74% 5.78 ± 0.98% -32.00 0.02 
     Agitation 10.38 ± 2.16% 12.86 ± 3.07% -6.00 0.74 
  Adults     
     Attendance at nest 54.59 ± 5.00% 50.45 ± 6.78% 10.00 0.55 
     Brooding 70.35 ± 5.05% 41.12 ± 8.11% 32.00 0.02 
     Standing erect in nest 2.27 ± 0.57% 9.03 ± 7.46% 8.00 0.64 
     Standing on rim  7.77 ± 1.85% 11.87 ± 2.65% -18.00 0.25 
     Nest sanitation 0.92 ± 0.43% 1.24 ± 0.32% -16.00 0.31 
     Allopreening 15.18 ± 3.85% 30.77 ± 7.36% -24.00 0.11 
     Provisioning nestlings 3.50 ± 0.56% 5.98 ± 1.04% -32.00 0.02 
Medium ground finch     
  Nestlings     
     Begging 6.85 ± 0.90% 5.53 ± 0.86% 25.00 0.16 
  Adults     
     Attendance at nest 47.29 ± 6.10% 57.72 ± 9.14% -23.00 0.20 
     Provisioning nestlings 11.05 ± 2.19% 10.45 ± 4.90% 27.00 0.13 
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Fig. 3.1. Comparison of the mean (± SE) mass of nestlings in fumigated versus sham-
fumigated nests for mockingbirds (A, B) and finches (C, D).  Mockingbird nestlings in 
fumigated and sham fumigated nests did not differ significantly in mass at 9-10 days of 
age (A, 2012) or 10-11 days of age (B, 2013).  Finch nestlings in fumigated nests tended 
to be heavier than nestlings in sham-fumigated nests at 9-10 days of age (C, 2012); 
nestlings in fumigated nests were significantly heavier than nestlings in sham-fumigated 
nests at 8-9 days of age (D, 2013).  The lower sample size of sham-fumigated finch nests 
in 2012 (C) was caused by higher mortality of nestlings prior to weighing. See text for 
further details.   
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Fig 3.2.  Fledging success of mockingbird (A) and finch (B) nestlings in fumigated and 
sham-fumigated nests.  For mockingbirds, fledging success did not differ between 
treatments in 2012 (Fisher’s exact test, P = 1.00) or 2013 (P = 0.83).  For finches, sham-
fumigated nests fledged significantly fewer offspring than fumigated nests in both 2012 
(P < 0.0001) and 2013 (P = 0.001).  
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Fig 3.3.  Mean (± SE) hemoglobin in nestlings from fumigated and sham-fumigated nests.  
Nestlings from fumigated nests had significantly higher hemoglobin levels than nestlings 
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Fig. 3.4. Mean (± SE) plasma glucose levels in mockingbird and finch nestlings from 
fumigated and sham-fumigated nests.  Mockingbird nestlings from sham-fumigated nests 
had higher glucose levels than nestlings from fumigated nests.  In contrast, glucose levels 
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Fig. 3.5. Nestling and parental behavior (mean +SE) in fumigated and sham-fumigated 
nests for A) mockingbirds and B) finches.  The amount of time allocated to nestling 
begging and parental provisioning was significantly higher in sham-fumigated 
mockingbird nests compared to fumigated nests.  In contrast, the amount of time spent on 
these behaviors did not differ significantly between treatments in finches.  See text for 





THE EFFECT OF AN INTRODUCED PARASITE ON GENE EXPRESSION  




Introduced parasites can severely affect the fitness of their naïve hosts.  However, 
the effect of such parasites on host gene expression is poorly understood.  The introduced 
parasitic nest fly Philornis downsi has been implicated in the decline of endangered 
species of Darwin’s finches.  However, endemic Galápagos mockingbirds (Mimus 
parvulus) are relatively unaffected by the parasite.  We explored the potential genetic 
mechanisms that may promote differences in the effect of the parasite on hosts.  We 
compared gene expression from erythrocytes of parasitized and nonparasitized nestling 
medium ground finches (Geospiza fortis) and mockingbirds.  We found that a significant 
number of genes were expressed differently in mockingbirds and finches when exposed 
to the parasite.  More genes were expressed differently and more KEGG pathways were 
significantly affected in parasitized mockingbirds, compared to parasitized finches.  Few 
differentially expressed genes in response to parasitism were the same in both species, 
suggesting that the genetic basis of the effect of the parasite is host species specific.  
Parasitized hosts did not demonstrate differential expression of genes related to immune 




physiological processes, such as metabolism.  Notably, parasitized finches had 
significantly more expression in genes related to DNA repair, compared to mockingbirds; 
this suggests that more cellular and DNA damage occurred in finches, with downstream 
effects on development and survival.  Our study suggests that the introduced parasitic 
nest fly has a significant, but species-specific, effect on gene expression of nestling of 




 Organisms face increasing pressure to adapt to changing environments or they 
may suffer population declines or even local extinction (Jetz et al. 2007, Keesing et al. 
2010, Pimm et al. 2014).  Introduced parasite species are thought to be one of the leading 
causes of native vertebrate extinctions (Vitousek et al. 1997, Daszak et al. 1999, 2000, 
Keesing et al. 2010).  Host populations that are unable to evolve effective defenses 
against introduced parasites are at risk (Atkinson and Lapointe 2009).  Although host 
defenses against such parasites have been studied, the underlying genetic basis for host-
parasite interactions are relatively unexplored (Rosenblum et al. 2009).  Changes in host 
gene expression in response to parasites can provide insight into the biological 
mechanisms and pathways by which hosts are affected (Kammenga et al. 2007).  These 
studies may also provide insight into how hosts adapt to infestation by novel parasites. 
Most gene expression studies, to date, have been performed under laboratory 
conditions with model species, such as Drosophila melanogaster and Arabidopsis 
thaliana, both of which are easy to maintain and have fully sequenced genomes (Schenk 
et al. 2000, Wertheim et al. 2005).  Ecologically based studies of gene expression in other 




however, these studies typically use seminatural experiments with animals from the 
agricultural or fisheries industry with problematic ectoparasites (Gonzalez et al. 2007, 
Harrington et al. 2010, Porto Neto et al. 2011, Tadiso et al. 2011).  Such studies are often 
prompted because the parasites have evolved resistance against pesticides.  Identifying 
the mechanisms underlying host defense allows resistance in the host population to be 
increased through artificial selection.  Similarly, qualifying host gene expression in 
response to parasites may also be useful for determining how parasites affect wild hosts, 
and whether these hosts have evolved defenses against their parasites.  
Ectoparasites have been shown to cause significant changes in host gene 
expression related to the immune response (Harrington et al. 2010, Bonneaud et al. 2011, 
Li et al. 2011).  Indeed, many studies on the effects of ectoparasites on host gene 
expression focus on skin inflammation, rather than overall changes in gene expression 
(Gonzalez et al. 2007, Porto Neto et al. 2011, Braden et al. 2012).  These studies are 
relevant because increased host inflammation can prevent parasites from feeding on the 
host.  Other studies are still needed on the molecular basis for other defenses to determine 
why hosts are differentially affected by their parasites.  Gene expression studies in 
ecology can provide information on the effect of parasites on hosts at a molecular level 
that are not observed in ecological studies. 
The recently introduced parasitic nest fly Philornis downsi provides one system in 
which to study the effect of a parasite on different host species at molecular level. Adult 
flies, which are not parasitic, lay their eggs in the nests of finches and other land birds in 
the Galápagos (Fessl et al. 2006).  Once the fly eggs hatch, the larvae feed on the blood 




in the decline of critically endangered species of Darwin’s finches, such as the mangrove 
finch (Camarhynchus heliobates) (Fessl et al. 2010).  Several studies have shown that P. 
downsi reduces the reproductive success of Darwin’s finches (Koop et al. 2011, 2013a, 
O’Connor et al. 2013) and that they may drive common finch species to local extinction 
within a century (Appendix A).  It appears that finches have not evolved effective 
defenses against the parasites (Koop et al. 2013a).  In contrast, other hosts living at the 
same location, such as the Galápagos mockingbird (Mimus parvulus), are relatively 
unaffected by P. downsi because they are able to tolerate parasite damage (Chapter 3).  
Although the effect of P. downsi on fitness has been extensively studied, the genetic basis 
of differences in the effect of the parasite on hosts remains unknown. 
Studying host gene expression in response to parasites is difficult in the wild for 
several reasons (Kammenga et al. 2007).  First, there are a number of sources of variation 
among individuals that may affect gene expression, such as age, season, and body 
condition. Second, experimentally manipulating parasites in wild hosts can be logistically 
difficult.  In the Galápagos host- P. downsi system, we are able to address many of these 
concerns.  We used experimental and molecular approaches to explore the potential 
underlying mechanisms that promote differences in the effect of P. downsi on finches and 
mockingbirds.  Specifically, we experimentally manipulated P. downsi abundance in the 
nests of mockingbirds and finches (Geospiza fortis), and compared gene expression from 
erythrocytes (birds have nucleated erythrocytes.)  In particular, we looked for changes in 








Material and Methods 
 
Study system 
 Our study was conducted January-April 2013, on the island of Santa Cruz in the 
Galápagos Archipelago.  Our field site, El Garrapatero, is a 4 x 3 km area in the arid, 
coastal zone.  Galápagos mockingbirds and medium ground finches are both abundant at 
the site.  Mockingbirds build open cup-shaped nests, primarily in giant prickly pear cacti 
(Opuntia echios gigantea) and Acacia trees.  Their clutch size ranges from 1-5 eggs and 
females incubate the eggs for 12-13 days (Grant and Grant 1979).  Nestlings spend an 
average of 15 days in the nest, where both the adult females and males feed them.  
Mockingbirds usually lay one clutch of eggs per breeding season; if the nest fails 
completely, then they may lay a second clutch.  Mockingbirds typically do not reuse 
nests.  
Finches build their dome-shaped nests primarily in giant prickly pear cacti and 
Acacia trees (Grant 1999).  Their clutch size ranges from 2-5 eggs and females incubate 
the eggs for 10-14 days.  Nestlings spend an average of 12 days in the nest, where both 
the adult females and males feed them.  In years of favorable weather and food resources, 
medium ground finches can lay more than one clutch of eggs within a given breeding 
season, but they do not reuse nests (Grant 1999).   
 
Experimental manipulation of parasites 
 
To quantify the effect of P. downsi on host fitness, experimental “nonparasitized” 
nests were sprayed with a 1% aqueous permethrin solution (Permectrin™ II).  Control 
“parasitized” nests were sprayed with water.  Permethrin has been used in previous 




were sprayed soon after the first nestling hatched, then again 4-6 days later.  Nest 
contents were removed briefly during the process of treatment (Chapter 3).  The nest 
contents were returned to the nest once it was dry (<10 minutes).  Parents were quick to 
return to the nest following treatment, and no cases of nest abandonment due to treatment 
were observed for either host species.   
Nestlings were banded with numbered monel bands a unique color band 
combinations when they reached approximately two-thirds of the nestling 
developmental period (finches: 8-9 days old; mockingbirds: 10-11 days old).  Successful 
fledging was confirmed by identifying birds from their color bands once they had left 
the nest, as in previous studies (Koop et al. 2011, 2013b, 2013a).  After the birds in a 
nest had fledged or died, the nest was collected and placed in a sealed plastic bag.  The 




Blood was collected from nestlings when they reached two-thirds of the nestling 
developmental period.  A small blood sample (< 30) was collected in a microcapillary 
tube via brachial venipuncture.  Within 6 hours of collection, the sample was spun at 
8000 rpm for 10 minutes in a centrifuge.  Plasma and red blood cells were separated and 
placed in 0.5 mL vials; 1.0 mL of Trizol™ (Invitrogen) was added to each red blood cell 
sample to preserve the RNA.  Samples were stored at -20°C at the Charles Darwin 
Research Station.  After being transported to the University of Utah, samples were held at 









Each nest was carefully dissected within 8 hours of collection and P. downsi 
larvae, pupae, and eclosed pupal cases were counted (Koop et al. 2011, 2013a, 2013b).  
Parasite density, defined as the number of individual parasites per unit of host (Bush et 
al. 1997), was calculated.  Specifically, density was calculated by dividing the number 
of parasites per nest by the total mass of nestlings in the nest.   
 
Microarray transcriptome analysis 
 
 For each host species, blood samples from three individuals in either parasitized 
or nonparasitized nests (for a total of 12 samples).  Each sample was run separately on in 
the microarray analysis.  Messenger RNA was isolated from Trizol™ for each 
erythrocyte sample as per the manufacturer’s protocol.  The mRNA processing and 
hybridization were performed at the Genomics Core Laboratory, Center for Reproductive 
Biology, Washington State University, Pullman, WA using standard Affymetrix reagents 
and protocol.  Briefly, mRNA was transcribed into cDNA with random primers, then 
cRNA was transcribed from the cDNA.  Single-stranded sense DNA was then 
synthesized, which was fragmented and labeled with biotin.  Biotin-labeled fragmented 
ssDNA was then hybridized to Zebra Finch 1.0 ST v1 microarrays containing more than 
23,700 transcripts (Affymetrix, Santa Clara, CA, USA).  Hybridized chips were scanned 
on an Affymetrix an Scanner 3000. CEL files containing raw data were then pre-
processed and analyzed with Affymetrix Expression Console 1.3.1.187 using a Robust 
Multiarray Average algorithm.  The signals (from an average of 11 different probes for 




 Lists of differentially expressed genes for each treatment were generated using the 
following criteria: 1) signal ratio of parasitized-nonparasitized was greater than 1.2 fold 
change, 2) the mean difference for unlogged signals between parasitized and 
nonparasitized was greater than 10, and 3) t-test p-values for the difference between 
parasitized and nonparasitized birds were less than 0.05. 
 CEL files from this study have been deposited with the NCBI gene expression 
and hybridization array data repository (GEO, http://www.ncbi.nlm.nih.gov/geo).  For 
gene annotation, Affymetrix annotation file FinGene-1_0-stv1.na34.taegut1.transcript.csv 
was used unless otherwise specified.  Annotated lists were used to categorize genes into 
functional categories. 
 KEGG pathways were also identified to determine the function of differentially 
expressed genes using the website http://www.genome.jp/kegg/ (Kyoto Encyclopedia for 
Genes and Genome, Kyoto University, Japan).  KEGG pathways are manually drawn 





Parasite load and fledging success 
Nests fumigated with permethrin did not contain any parasites for either 
mockingbirds (n = 3 nests) or finches (n = 3).  The sham-fumigated (control) 
mockingbird nests contained 37, 37, and 96 parasites.  The control finch nests contained 
11, 18, and 28 parasites.  Thus, parasite density for mockingbirds was 0.35, 0.35, and 
0.70 parasites per gram of nestling for each of the nests in this study.  Similarly, parasite 




nests in this study.  See Chapter 3 for mean parasite abundance and density and fledging 




The red blood cell transcriptomes from parasitized and nonparasitized nestlings 
were compared for mockingbirds and finches.  The analysis of the microarray data 
showed that 598 genes were expressed differently between nonparasitized and parasitized 
mockingbird nestlings.  Of these genes, 273 (45.7%) were down regulated and 325 
(54.3%) were up regulated in parasitized birds relative to nonparasitized mockingbirds.  
Within the total list of differentially expressed genes, 325 (54.3%) were annotated (Table 
4.S1).  These genes were placed in functional categories using a literature search (Fig. 
4.1).  Many of the differentially expressed genes contributed to metabolism, signaling, 
and transcription.  Six KEGG pathways contained a significant number of genes that 
were expressed differently (Table 4.1). 
The analysis for finches showed that 321 genes were expressed differently 
between parasitized and nonparasitized birds.  Of these genes, 195 (61.7%) were down 
regulated and 126 (39.3%) were up regulated in parasitized relative to nonparasitized 
finches.  Within the total list of differentially expressed genes, 156 (48.6%) were 
annotated (Table 4.S2).  These genes were placed into functional categories (Fig. 4.1).  
Similar to mockingbirds, many of the differentially expressed genes contributed to 
metabolism, signaling, and transcript.  Four KEGG pathways contained a significant 




Only 30 specific genes were expressed differently in both parasitized finches and 
mockingbirds (Table 4.2).  Twenty-one of these genes were annotated and all genes were 
down regulated in both host species. 
Parasitized finches had significantly more down-regulated genes than up-
regulated genes, compared to parasitized mockingbirds (Fisher’s exact test: P < 0.0001).  
Parasitized mockingbirds had more differentially expressed genes related to development 
than parasitized finches, although this difference was not statistically significant (P = 
0.11).  In contrast, parasitized finches had more differentially expressed genes related to 
DNA repair (P = 0.03), metabolism and transport (P = 0.03), and translation and protein 
modification (P = 0.003) compared to parasitized mockingbirds (Fig. 4.1). 
 
Discussion 
 P. downsi had a significant effect on gene expression from erythrocytes of 
mockingbirds and finches.  Only 30 of the same genes were expressed differently in both 
parasitized mockingbirds (5% of all genes) and finches (9% of all genes), suggesting that 
the two species of hosts have different responses to the parasite.  Parasitized 
mockingbirds had more than double the number of differentially expressed genes than 
parasitized finches.  Mockingbirds had a small number of differentially expressed genes 
related to an immune response, including one gene related to the antibody response; 
however, these genes did not play a significant role in KEGG pathways related to the 
immune system.  Instead, P. downsi had a significant effect on other physiological 
processes.  Notably, parasitized finches had more differentially expressed genes than 
parasitized mockingbirds related to DNA repair, metabolism and transport, and 




effect on host gene expression.  Most differentially expressed genes in parasitized birds 
(compared to nonparasitized birds) differed between mockingbirds and finches.  These 
differences may be related to the different effects of P. downsi on mockingbirds and 
finches.  
 Mockingbirds had several KEGG pathways significantly affected by P. downsi 
parasitism (Table 4.1).  Interestingly, the porphyrin metabolism pathway was affected, 
which is related to the synthesis of heme.  Mockingbird and finch nestlings both suffer 
significant blood loss to P. downsi (Chapter 3).  Increased porphyrin metabolism near the 
time of fledging could conceivably help mockingbirds recover red blood cells faster than 
finches after they have left the nest.  The gonadotropin-releasing hormone (GnRH) 
pathway, which is responsible for neurohormones involved in reproduction, was also 
affected.  A change in this pathway may result in a change in sexual development.  Other 
affected pathways related to the gap junction, alanine, aspartate and glutamate 
metabolism, and oocyte meiosis are likely affecting normal cellular function, but the 
specific effect on the bird is unclear.  
Similarly, finches had four KEGG pathways significantly affected by P. downsi 
parasitism (Table 4.1).  For example, metabolic-related pathways had 21 genes affected, 
which could explain why finches suffer reduced growth.  Changes in ribosomal 
pathways, which are critical for protein synthesis (translation) in the cell and disruptions 
in ribosomal pathways, may have been caused by blood loss and lead to cell cycle arrest 
(Ferreira-Cerca and Hurt 2009).  These results indicate that normal cellular function is 




interesting to compare gene expression of adults that are parasitized and not parasitized 
as nestlings to determine whether P. downsi has long-term effects on gene expression. 
 Finches had significantly more genes expressed that were related to DNA repair, 
compared to mockingbirds.  This suggests that parasitized finches have a large amount of 
cellular DNA damage, which may affect cell survival and could have lasting effects on 
host survival.  DNA damage can be caused by environmental agents, such as UV-
radiation and smoking, as found in humans, but also by oxidative damage from 
byproducts of metabolic processes (Clancy 2008).  Nearly 31% of differentially 
expressed genes in parasitized finch nestlings were related to metabolic processes 
(compared to only 16% in mockingbirds), which could contribute to DNA damage and, 
in turn, repair.  High DNA damage that cannot be repaired is associated with cell death 
and could have effects on nestling development and survival. 
Our study provided little evidence of gene expression related to the immune 
response.  In Chapter 3, we found that mockingbird and finch nestlings do not have a 
detectable antibody response to P. downsi.  We predicted that other aspects of the 
immune system, which could not be quantified from live animals in our study (e.g. 
inflammatory response), would be apparent in our gene expression analysis.  However, 
we did not find evidence of a significant change in expression of immune-related genes.  
Rosenblum et al. (2009) found that pathogenic chytrid fungus (Batrachochytrium 
dendrobatidis) had a significant effect on frog gene expression related to physiological 
processes, but did not induce expression of genes related to the immune system.  Future 




finches, which have a significant immune response to P. downsi (Koop et al. 2013a), to 
determine the specific genes responsible for the antibody response. 
Alternatively, genes related to an inflammatory response may be more apparent in 
skin cells than in erythrocytes.  Nucleated erythrocyte gene expression likely reflects a 
system-wide effect on the organism.  However, genes are differentially regulated in 
different cell types.  For example, changes in gene expression related to skin 
inflammation have been documented in host skin cells (Gonzalez et al. 2007, Porto Neto 
et al. 2011, Braden et al. 2012).  Spleen cells are usually used to identify gene expression 
related to the humoral immune response, such as the antibody response (Bonneaud et al. 
2011).  We were unable to collect other types of samples, such as skin or the spleen, from 
nestling birds.  Quantifying gene expression in specific tissues may provide additional 
results related to specific immune function. 
All of the mockingbird and finch nestlings in our study survived to fledging.  The 
amount of blood required for gene expression analysis could only be collected in older 
nestlings; too much blood taken from younger parasitized nestlings would have resulted 
in mortality.  Thus, genes that were expressed differently in parasitized birds in our study 
may be different in nestlings that do not survive to fledging.  Future studies should look 
at gene expression in nestlings that do not survive, as well as multiple time points during 
the nestling period.  Such studies may provide reasons for the high mortality in 
parasitized finches compared to low mortality in parasitized mockingbirds.   
Our study is one of few to document the effect of parasites on host gene 
expression in the field (Kammenga et al. 2007).  In contrast to many host-parasite gene 




expressed significantly when parasitized.  However, we did find that P. downsi affects 
physiological processes, which may have contributed to the ability of the hosts to deal 
with the parasite.  Future gene expression studies on this system could focus on other 
Galápagos species, such as: 1) other Darwin’s finch species affected by P. downsi to 
determine what specific genes are related to this effect, and 2) other hosts that are 
relatively unaffected by P. downsi in order to identify the molecular basis for tolerance.  
A comparison of host gene expression in response to Philornis in the parasite’s native 
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Table 4.1.  KEGG pathways with a significant number of differently expressed (DE) 





# DE genes in 
pathway 
# genes in 
pathway 
P-value 
Mockingbirds    
Oocyte meiosis 7 90 0.008 
Adrenergic signaling in cardiomyocytes 7 117 0.029 
Gap junction 5 75 0.041 
GnRH signaling pathway 5 72 0.035 
Alanine, aspartate and glutamate 
metabolism 
4 28 0.005 
Porphyrin metabolism  
 
3 22 0.017 
Finches    
Metabolic pathways  21 935 0.031 
Ribosome 9 126 <0.001 
Melanogenesis 4 86 0.029 






























Table 4.2. Genes that were expressed differently in both medium ground finches and 
Galápagos mockingbirds in response to parasitism.  Twenty-one of 30 genes were 
annotated, and then classified into functional gene categories.  All 21 genes in 




Gene symbol Gene category 
Tubulin beta-6 chain-like LOC100231628 Cytoskeleton/Extracellular 
matrix 




AMME syndrome gene 1 protein homolog AMMECR1 Development 
 
Single-stranded DNA binding protein 2 SSBP2 Epigenetics 
O-linked N-acetylglucosamine transferase OGT Golgi Apparatus 
 
NEFA-interacting nuclear protein-like LOC100190727 Growth Factors/Cytokines 
Cytosolic 5'-nucleotidase III-like LOC100228312 Metabolism/Transport 
Biliverdin reductase A-like LOC100231163 Metabolism/Transport 
ATPase family, AAA domain containing 
2B ATAD2B Metabolism/Transport 
Asparagine synthetase (glutamine-
hydrolyzing) ASNS Metabolism/Transport 






ATPase, Na+/K+ transporting ATP1B3 Metabolism/Transport 
Ubiquitin specific peptidase 45 USP45 Proteolysis 
Rh-associated glycoprotein RHAG Receptors/Binding Proteins 
KDEL (Lys-Asp-Glu-Leu) endoplasmic 
reticulum protein retention  
KDELR2 
 
Receptors/Binding Proteins  
 
RAN binding protein 10 RANBP10 Receptors/Binding Proteins 
Inositol-tetrakisphosphate 1-kinase ITPK1 Signaling 






Nuclear prelamin A recognition factor NARF Transcription 



















Fig. 4.1.  Number of genes with mRNA expression levels in erythrocyte cells that 
differed significantly between parasitized and nonparasitized A) mockingbird nestlings 







































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































COMPARING THE ECOLOGY OF PARASITIC NEST FLIES  
 




Introduced parasites threaten native host populations in many parts of the world.  
Naïve hosts often lack effective defenses against introduced parasites.  Although this idea 
is generally accepted, it has seldom been rigorously tested in host-parasite systems.  The 
parasitic nest fly Philornis downsi was recently introduced to the Galápagos Islands from 
mainland South America.  P. downsi has been implicated in the decline of Darwin’s finch 
populations; however, the parasite has relatively no effect on other host species at the 
same location, such as the Galápagos mockingbird (Mimus parvulus).  The goal of our 
study was to compare effect of native Philornis nest flies on hosts in Tobago to the effect 
of introduced Philornis flies on hosts in the Galápagos.  In Tobago, we experimentally 
manipulated native Philornis trinitensis abundance in nests of black-faced grassquits 
(Tiaris bicolor) and tropical mockingbirds (Mimus gilvis) to compare the effects of the 
parasite on host reproductive fitness.  These Tobago host species are closely related to the 
Galápagos host species.  We then used the same methods to test for the effects of P. 
downsi on Galápagos hosts.  Finally, we determined the effectiveness of host antibody 
response against Philornis and surveyed potential enemies of Philornis in bird nests.  The 
	   98 
number of parasites per gram of nestling was similar across Tobago and Galápagos hosts.  
Philornis had a significant negative effect on grassquit and finch nestling survival, but 
relatively no effect on either species of mockingbirds.  However, fewer nests had 
parasites in Tobago than in the Galápagos; thus, the overall effect of Philornis was lower 
in Tobago than the Galápagos.  Neither Tobago nor Galápagos nestlings had an effective 
antibody response to reduce parasite load.  Parasitoid wasps or ants were not found in 
control nests in the Galápagos.  In Tobago, 30% of nests with P. trinitensis had parasitoid 
wasps and 50% of nests had ants; parasite prevalence also decreased throughout the 
season.  Our study indicates that the top down effects of wasps and ants on parasitic flies 
may regulate host and native fly population dynamics.  Furthermore, introduced P. 





Introduced parasites threaten native host populations in many parts of the world 
(Vitousek et al. 1997, Daszak et al. 2000, Keesing et al. 2010).  One explanation for why 
introduced parasites are problematic is that naïve hosts lack effective defenses against the 
parasites.  A classic example involves the historical introduction of avian malaria 
parasites and their mosquito vectors to the Hawaiian Islands.  This introduction is thought 
to have been partly responsible for the extinction of 17 endemic honeycreeper species, 
which had no defenses against avian malaria (Atkinson and Lapointe 2009).  In contrast, 
some hosts do not suffer the same detrimental effects of malaria because their long-
standing relationship with this parasite has selected for effective host defenses within the 
population (Lachish et al. 2011). While host defense mechanisms may be important for 
	   99 
determining the impact of introduced and native parasites on their hosts, very few 
comparisons between introduced and native parasite-host systems have been made. 
 Introduced parasites have colonized the Galápagos Islands of Ecuador in recent 
decades, threatening endemic species of birds (Wikelski et al. 2004).  For example, the 
introduced parasitic nest fly Philornis downsi has been implicated in the decline of 
critically endangered species of Darwin’s finches, such as the mangrove finch 
(Camarhynchus heliobates).  Several studies have shown that P. downsi reduces the 
reproductive success of Darwin’s finches.  In some years, 100% of finch nests at a given 
location fail to produce fledglings as a direct result of P. downsi (Koop et al. 2011, 
2013a, O’Connor et al. 2013).  In contrast, Galápagos mockingbirds, living in the same 
location, are relatively unaffected by P. downsi because they have effective defense 
mechanisms to deal with the parasite (Chapter 2); these results contradict the idea that all 
naïve hosts lack defenses against introduced parasites.   
 The questions of how and why P. downsi became a widespread problem in the 
Galápagos is not completely understood.  To answer these questions, comparative studies 
of the effects of introduced and native parasites on their hosts are needed.  These studies 
may also help determine whether Galápagos host species have the potential to evolve 
defenses against P. downsi.  The goal of our study was to compare the effects of 
introduced and native Philornis parasites on hosts and to survey enemies of Philornis in 
both locations.  We tested the effect of native P. trinitensis nest flies on black-faced 
grassquits (Tiaris bicolor) and tropical mockingbirds (Mimis gilvis) in Tobago; these host 
species were chosen because the tropical mockingbird is a congener of the Galápagos 
mockingbird and the black-faced grassquit is in the sister clade of Darwin’s finches.  We 
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then compared our results to the effect of introduced P. downsi on Darwin’s finches and 
Galápagos mockingbirds in the Galápagos Islands.  We also determined the relative 
importance of host immunological defense against Philornis.
 
Materials and Methods 
 
Site and species descriptions 
Our study on native Philornis parasites was conducted in Tobago from May-July 
2012.  Tobago is located in the southern Caribbean Sea, 30 km north of Venezuela 
(11°15' N, 60°40' W).  The field site was located in the western coastal lowlands of the 
island.  Black-faced grassquits and tropical mockingbirds are abundant at this site.  
Philornis trinitensis is native to Trinidad and Tobago and is also abundant at this site.  
Similar to P. downsi, adult P. trinitensis flies, which are not parasitic, lay their eggs in the 
nests of land birds (Dodge and Aitken 1968, Couri 1989).  Once the fly eggs hatch, the 
larvae burrow subcutaneously under the skin of nestlings where they feed on blood and 
other fluids (Fig. 5.1).   
Black-faced grassquits build dome-shaped nests primarily in ornamental bushes.  
Clutch size ranges from 1-5 eggs, and females incubate for 12 days (Restall 2003). 
Nestlings spend 9-12 days in the nest, prior to fledging.  Tropical mockingbirds nest 
primarily in ornamental bushes and palm trees.  Clutch size ranges from 1-4 eggs and 
females incubate for 13-15 days after which nestlings spend 15 days in the nest (Ffrench 
1991).  
Our study on the introduced P. downsi was conducted on Santa Cruz island in the 
Galápagos from January-April 2012 (Chapter 2).  The Galápagos is located in the Pacific 
Ocean, 650 km west of mainland Ecuador (0°41' S, 90°13' W).  The field site, El 
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Garrapatero, is in the arid coastal zone.  Galápagos mockingbirds and medium ground 
finches are abundant at the site.  P. downsi is also abundant at this site (Koop et al. 2011, 
2013b, 2013a).  Adult P. downsi flies, which are not parasitic, lay their eggs in the nests 
of finches and other land birds in the Galápagos.  Once the fly eggs hatch, the larvae feed 
primarily externally on the blood of nestlings and adult females when they sit on the nest.  
The first and second instar stage can be subcutaneous (Fessl et al. 2006b).  P. downsi is a 
sister taxon of the angustifrons-group, which contains P. trinitensis (Couri et al. 2007). 
Medium ground finches build dome-shaped nests in giant prickly pear cacti 
(Opuntia echios gigantea) or Acacia trees (Grant 1999).  Their clutch sizes range from 2-
5 eggs and females incubate the eggs for 10-14 days.  Nestlings spend an average of 12 
days in the nest, where the adult females and males feed them.  Galápagos mockingbirds 
build open cup-shaped nests, primarily in giant prickly pear cacti or Acacia trees.  Their 
clutch size ranges from 1-5 eggs and females incubate the eggs for 12-13 days (Grant and 
Grant 1979).  Nestlings spend an average of 15 days in the nest, where the adult females 
and males feed them.  
 
Experimental manipulation of parasites 
 
To quantify the effect of Philornis on host fitness, experimental nests were 
fumigated with a 1% aqueous permethrin solution (Permectrin™ II).  Control nests were 
sham-fumigated with water.  Permethrin has been used in previous studies (Fessl et al. 
2006a, Koop et al. 2013b, 2013a, O’Connor et al. 2013) and is harmless to birds, 
including newly hatched nestlings.  Nests were sprayed soon after the first nestling 
hatched, then again 4-6 days later.  Nestlings and unhatched eggs were removed during 
the brief process of treatment.  The nest contents were returned to the nest after it was dry 
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(<10 minutes).  Parents quickly returned to the nest after treatment, and no cases of nest 
abandonment due to treatment were observed for either host species. 
Active nests were defined as early, mid, or late in the breeding season (days 
divided equally among times).  For the 49-day season in Tobago, nests were classified as 
early (May 17-June 1), mid (June 2-17), or late (June 18-July 4).  For the 48-day season 
in the Galápagos, nests were classified as early (February 7-22), mid (February 23-March 
9), or late (March 10-25).  The beginning and the end of the season were defined as the 




Nestlings were uniquely marked with a permanent marker at hatching, then 
banded with unique color band combinations when they were 9-10 days old.  Successful 
fledging was confirmed by identifying birds once they had left the nest, as in previous 
studies (Koop et al. 2011, 2013b, 2013a).  After the birds in a nest had fledged or died, 
the nest was collected and placed in a sealed plastic bag.  The number of Philornis in the 




Each nest was carefully dissected within 8 hours of collection and Philornis 
larvae, pupae, and eclosed pupal cases were counted (Koop et al. 2011, 2013b, 2013a).  
Parasite density, defined as the number of individual parasites per unit of host (Bush et al. 
1997), was determined.  Specifically, density was calculated by dividing the number of 
parasites per nest by the total mass of nestlings (within 48 hours of hatching) in that 
particular nest.  
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All larvae and pupae were reared to the adult stage to identify the Philornis 
species (Dodge and Aitken 1968).  In Tobago, all larvae and pupae were identified as P. 
trinitensis; in the Galápagos, all larvae and pupae were identified as P. dowsni.  Most 
larvae were third instars when the nests were collected, which then pupated within 24 
hours.  Younger larvae, which require a blood meal, died soon after they were collected 
from the nest so they could not be reared to adulthood.  The length (mm) and width 
(mm) of pupae were also measured with digital calipers.  These measurements were 
used to calculate pupal volume as an estimate of individual parasite size, which is 
related to lifetime fitness in Muscid flies (Schmidt and Blume 1973, Moon 1980).  Adult 
flies were placed in 95% ethanol for later identification.   
Nests with parasitoids reared from Philornis pupae were counted.  Ants were 
also surveyed in the nests.  Ant collection did not occur until June 16; after this date, a 
subsample of ants was collected from each nest.  All nest fauna were placed in 95% 




We collected a blood sample (< 30 µl) from each nestling during the second visit 
to the nest (9-10 days of age).  The blood sample was collected in a microcapillary tube 
via brachial venipuncture.  Samples were stored on wet ice in the field.  Within 6 hours of 
collection, samples were spun for 10 minutes in a hand crank centrifuge.  Samples were 





	   104 
Immunology 
 
  We used enzyme-linked immunosorbent assays (ELISA) to detect the presence of 
P. trinitensis-binding antibodies in the plasma of grassquits and mockingbirds using the 
protocol from Chapter 2.  Ninety-six-well plates were coated with 100 µL/well of P. 
downsi protein extract (capture antigen) diluted in carbonate coating buffer (0.05M, pH 
9.6).  Plates were incubated overnight at 4°C, then washed and coated with 200 µL/well 
of bovine serum albumin (BSA) blocking buffer and incubated for 30 minutes at room 
temperature on an orbital table.  Between each of the following steps, plates were washed 
five times with a Tris-buffered saline wash solution, loaded as described, and incubated 
for 1 hour on an orbital table at room temperature.  Triplicate wells were loaded with 100 
µL/well of individual host plasma (diluted 1:100 in sample buffer).  Plates were then 
loaded with 100 µl/well of Goat-αBird-IgG (diluted 1:50,000)(Antibodies Online).  
Finally, plates were loaded with 100 µL/well of peroxidase substrate 
(tetramethylbenzidine, TMB: Bethyl Laboratories) and incubated for exactly 30 minutes.  
The reaction was stopped using 100 µL/well of stop solution (Bethyl Laboratories).  
Optical density (OD) was measured using a spectrophotometer (BioTek, PowerWave HT, 
450-nanometer filter).   
On each plate, a positive control of pooled plasma from adult female Darwin’s 
finches was used in triplicate to correct for interplate variation (Koop et al. 2013a).  In 
addition, each plate contained a nonspecific binding (NSB) sample in which capture 
antigen and detection antibody were added, but plasma was excluded.  Finally, each 
plate included a blank sample in which only the detection antibody was added, but 
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plasma and capture antigen were excluded.  NSB absorbance values were subtracted 





The experimental treatment of nests with permethrin was effective in eliminating 
P. trinitensis for black-faced grassquits and tropical mockingbirds.  Fumigated grassquit 
nests had zero parasites (n = 20 nests), compared to a mean ± SE of 12.42 ± 4.01 
parasites (n = 19) in sham-fumigated nests (Mann-Whitney test, U = 94.50, P < 0.001).  
Similarly, fumigated tropical mockingbird nests had zero P. trinitensis parasites (n = 18), 
compared to 36.12 ± 8.80 parasites (n = 17) in sham-fumigated nests (U = 38.00, P < 
0.0001).  Parasite abundance for Galápagos hosts was reported in Chapter 2. 
Parasite density, measured as the number of parasites per gram of nestling, did not 
differ significantly among Galápagos and Tobago hosts (Table 5.1).  Parasite size, 
measured as pupal volume, also did not differ significantly among hosts.  However, 
Galápagos hosts had more sham-fumigated nests containing parasites than Tobago hosts 
(Table 5.1).  In Tobago, parasite prevalence differed significantly within the season (Chi-
square test, χ2 = 6.79, df = 2, P = 0.03); prevalence significantly decreased from mid to 
late season (Fisher’s exact test, P = 0.02).  Philornis parasites were found in 6/9 early-
season nests, 11/13 mid-season nests, and 7/18 late-season nests.  In the Galápagos, 
parasite prevalence did not differ significantly within the season (χ2 = 1.44, df = 2, P = 
0.49).  Philornis parasites were found in 1/1 early-season nest, 16/17 mid-season nests, 
and 8/10 late-season nests. 
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Fledging success 
 
Sham-fumigated nests with at least one parasite were used to compare fledging 
success because Philornis prevalence was low in Tobago nests.  In Tobago, grassquit 
nests from the fumigated treatment fledged more total nestlings than sham-fumigated 
nests with parasites (Fig. 5.2).  In fumigated grassquit nests, 39 out of 51 (76%) young 
fledged, compared to 25 out of 49 (51%) young fledged from sham-fumigated nests.  In 
contrast, the total number of tropical mockingbird nestlings that fledged did not differ 
significantly between fumigated nests and sham-fumigated nests with parasites (Fig. 5.2).  
In fumigated mockingbird nests, 25 out of 40 (63%) young fledged, compared to 16 out 
of 39 (41%) young fledged from sham-fumigated nests.   
In the Galápagos, finch nests from fumigated nests fledged more total nestlings 
than sham-fumigated nests with parasites (Fig. 5.2).  In fumigated finch nests, 37 out of 
43 (86%) young fledged, compared to 13 out of 25 (52%) young fledged from sham-
fumigated nests with parasites.  In contrast, the number of nestlings that fledged from 
Galápagos mockingbird nests did not differ between fumigated and sham-fumigated nests 
with parasites (Fig. 5.2).  In fumigated mockingbird nests, 39 out of 51 (77%) young 
fledged, compared to 42 out of 54 (78%) young fledged from sham-fumigated nests with 
parasites. 
Comparing nests rather than nestlings provided similar results.  In Tobago, the 
number of grassquit nests that fledged at least one young was significantly higher in 
fumigated nests compared to sham-fumigated nests with parasites (Fisher’s exact test, P 
= 0.003).  In fumigated grassquit nests, 19 out of 20 (95%) nests fledged at least one 
young, compared to 10 out of 19 (53%) sham-fumigated nests.  For tropical 
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mockingbirds, the number of nests that fledged at least one young did not differ 
significantly between fumigated nests and sham-fumigated nests with parasites (P = 
0.16).  In fumigated mockingbird nests, 14 out of 18 (78%) nests fledged at least one 
young, compared to 9 out of 17 (53%) sham-fumigated nests with parasites.   
In the Galápagos, the number of finch nests that fledged at least one young was 
higher in fumigated nests compared to sham-fumigated nests with parasites (P = 0.06).  
In fumigated finch nests, 11 out of 12 (92%) nests fledged at least one young, compared 
to 6 out of 12 (50%) sham-fumigated nests.  The number of mockingbird nests that 
fledged at least one young did not differ significantly between fumigated nests and sham-
fumigated nests with parasites (P = 1.00).  In fumigated Galápagos mockingbird nests, 14 
out of 16 (81%) nests fledged at least one young, compared to 14 out of 16 (81%) sham-
fumigated nests with parasites. 
In Tobago, the number of total active nests increased from the early to late part of 
the season (Chi-square test, χ2 = 10.35, df = 2, P = 0.006); there were 19 early-season 
nests, 25 mid-season nests, and 38 late-season nests.  In the Galápagos, the total number 
of active nests increased from early to mid-season but then decreased late in the season 
(χ2 = 39.27, df = 2, P < 0.0001); there were two early-season nests, 33 mid-season nests, 




 Antibody levels were low in Tobago hosts.  Antibody levels did not differ 
significantly between treatments for black-faced grassquits (Mann-Whitney test, U = 
56.00, P = 0.21).  Mean antibody levels in nestlings from fumigated grassquit nests were 
0.06 ± 0.02 (n = 18 nests), compared to 0.10 ± 0.04 (n = 9 nests) in nestlings from sham-
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fumigated nests.  Similarly, antibody levels did not differ significantly between 
treatments for tropical mockingbirds (Student’s t-test: t = 1.12, df = 21, P = 0.28).  Mean 
antibody levels in nestlings from fumigated tropical mockingbird nests were 0.16 ± 0.02 
(n = 13 nests), compared to 0.11 ± 0.04 (n = 10 nests) in nestlings from sham-fumigated 
nests.  Antibody levels for Galápagos hosts were reported in Chapter 2.
 
Other nest fauna 
 
One out of 7 (14%) grassquit nests with Philornis contained Brachymeria 
parasitoid wasps, and 4 out of 12 (33%) mockingbird nests contained the same species of 
wasp.  Parasitoid wasps were not found in control nests in the Galápagos.  One finch nest 
contained two P. downsi pupal cases with holes that were possibly from wasp eclosure, 
but the wasps were not recovered to confirm infestation.  Tobago had significantly more 
nests with parasitoid wasps (5/19) than the Galápagos (0/25; Fisher’s exact test: P = 
0.01). 
Six species of ants were found in grassquit and mockingbird nests in Tobago.  
Five out of 10 (50%) grassquit nests contained ants; Crematogaster rochai, Monomorium 
floricola, C. limata, and Solenopsis sp. #1 were found in these nests.  One grassquit nest 
had two co-existing species of ants (C. rochai and Solenopsis sp. #1).  Four out of 8 
(50%) tropical mockingbird nests contained ants; C. rochai, M. floricola, C. 
curvispinosa, and Solenopsis sp. #2 were found in these nests.  Two mockingbird nests 
had two co-existing species of ants (nest #1: M. floricola and C. rochai; nest #2: C. 
curvispinosa and Solenospsis sp. #2).  Ant eggs were found in three nests with M. 
floricola, two nests with C. rochai, and one nest with Solenopsis sp. #2.  Ants were not 
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found in Galápagos bird nests.  Tobago had significantly more nests with ants (9/18) than 




Philornis had a significant effect on fledging success of grassquits and finches, 
but relatively no effect on mockingbirds.  However, fewer nests had parasites in Tobago 
than in the Galápagos; thus, the overall effect of the parasite was lower in Tobago 
compared to the Galápagos.  Neither Tobago nor Galápagos nestlings had an effective 
antibody response to reduce Philornis load.  Parasitoid wasps and ants were not found in 
the Galápagos.  However in Tobago, parasitoid wasps of P. trinitensis were found in 30% 
of nests and ants were found in 50% of nests; these nest fauna may be responsible for the 
decrease in parasite prevalence throughout the season.  
Native Philornis flies had a similar effect on Tobago hosts compared to 
introduced Philornis flies in the Galápagos.  Several other studies have found that 
nestlings parasitized with native Philornis have lower survival than nonparasitized nests 
(Arendt 2000, Rabuffetti and Reboreda 2007, Segura and Reboreda 2011, Quiroga and 
Reboreda 2012, Olah et al. 2013); however, flies were found in less than 50% of nests in 
these studies.  In contrast, P. downsi is found in at least 80% of Galápagos host nests and 
in most years, is found in 100% of nests (Koop et al. 2011, 2013a, Kleindorfer et al. 
2014).  Thus, the overall effect of Philornis on host populations is lower in the native 
range.  However, none of these studies have explained why parasites are found in less 
than half of host nests. 
Tobago nestlings did not have an effective antibody response to reduce Philornis 
flies, which was similar to Galápagos nestlings (Koop et al. 2013a, Chapter 2).  
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Galápagos mockingbirds are able to tolerate the effects of P. downsi with behavioral 
changes (Chapter 2); parents from parasitized nests feed their nestlings more than 
nonparasitized nests to compensate for energy lost to the parasite.  Because mockingbirds 
from Tobago are also relatively unaffected by P. trinitensis, they may have evolved 
similar behavioral defenses to deal with the parasite.  Tobago hosts may also be avoiding 
Philornis infestation by nesting later in the season to coincide with decreased Philornis 
prevalence.  Lower Philornis prevalence in Tobago may be because hosts have defenses 
against parasites that we did not test in our study, such as behavioral or inflammatory 
responses.  Future studies should focus on potential defenses of adult birds in Tobago to 
determine the importance of host defense in regulating native Philornis populations. 
Alternatively, top-down predatory pressures may decrease Philornis prevalence.  
One explanation for the success of introduced parasites in a new environment is the 
enemy release hypothesis (ERH; Keane and Crawley 2002, Liu and Stiling 2006).  In this 
case, introduced parasites spread rapidly because they are liberated from their predators, 
which normally regulate parasite population dynamics in their native range.  The ERH is 
one of the most cited explanations for the success of introduced plant species that escape 
their enemies, but only recently has this hypothesis been empirically tested (reviewed in 
Liu and Stiling 2006).  The ERH has also been suggested to be important in animal host-
parasite systems.  Tobago flies were depredated by a single species of parasitoid wasp in 
one-third of host nests.  In contrast, parasitoids wasps are rarely found in nests in the 
Galápagos.  Other studies have reported 2-5% of Darwin’s finch nests have two species 
of parasitoid wasps (Spalangia endius and Brachymeria podagrica; Lincago and Causton 
2008).  Galápagos hosts may experience higher parasite prevalence because parasitoid 
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wasps are not abundant or the wasps are not highly specific to P. downsi.  This suggests 
that introducing a large number of species-specific parasitoid wasps to the Galápagos (i.e. 
biological control) may reduce P. downsi prevalence and alleviate the effect of the 
parasite on Galápagos hosts.  Biological control has been used against agricultural pests 
for over a century, and has recently been used against introduced species of conservation 
concern (VanDriesche et al. 2010).  Indeed the release of an insect predator to control an 
introduced herbivore in the Galápagos has been successful (Calderen Alvarez et al. 
2012).  Thus, biological control may be one of the most viable approaches for the long-
term control of the fly in the Galápagos. 
Six species of ants were documented in grassquit and mockingbird nests in 
Tobago.  Nearly a century ago, Wheeler (1919) collected eight ant species (not in bird 
nests) at the same location in Tobago; only one out of eight species was in the same 
genus (Solenopsis) as ants collected in our study.  Indeed, Solenopsis contains several 
species of stinging fire ants and most previous studies have focused on the negative effect 
of fire ants on bird survival (reviewed in Allen et al. 1994).  In the Galápagos, Knutie et 
al. (2014) found that all Darwin’s finch nests containing Solenopsis germinata (3 out of 
20) failed.  In Tobago, ants were not responsible for nest failure; neither of the two nests 
with Solenopsis ants failed.   
The ants collected in our study are likely commensals that foraged on nest 
material or possibly Philornis.  Some bird species preferentially nest near ant nests 
because the ants appear to protect the birds from predators (Hindwood 1959, Young et al. 
1990).  P. trinitensis numbers were not lower in bird nests with ants, which suggests that 
ants were not feeding on the larvae.  However, ants may have been eating the contents of 
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Philornis pupae.  We found that several pupal cases from bird nests with ants had large, 
unique holes that were not likely made by eclosing flies or parasitoid wasps.  Thus, ants 
may be an additional factor regulating P. trinitensis populations, especially given that 
parasite prevalence decreased throughout the breeding season.  Future studies are needed 
to determine the effects of ants on Philornis survival to determine whether ants affect fly 
populations. 
Our study provides some of the first evidence to explain why parasites are 
problematic in their introduced range.  Several studies have demonstrated that plants 
succeed in their introduced range because they have escaped their herbivore predators 
(Liu and Stiling 2006); yet, few studies have tested this hypothesis for introduced 
parasites.  We found that native P. trinitensis flies in Tobago had significant predatory 
pressure from wasps and possibly ants to reduce parasite prevalence, which has not been 
previously reported.  Birds are also possibly breeding later in the season to avoid the 
parasite at its peak abundance.  In contrast, P. downsi was introduced to the Galápagos 
without any significant predators; therefore, prevalence remains high in Galápagos nests.   
Future studies could focus on identifying a P. downsi-specific parasitoid wasp species 
from mainland South America as a candidate for biological control, which may be the 
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Table 5.1. Comparison of Philornis parasite number and size in sham-fumigated nests 
from Tobago hosts (black-faced grassquit-BFGR and tropical mockingbird-TRMO) and 
Galápagos hosts (medium ground finch-MGFI and Galápagos mockingbird-GAMO).  
Numbers represent mean ± SE, except for parasite prevalence, which is the number of 
nests with parasites out of the total number of nests. Kruskal-Wallis tests were used to 
compare parasite density and pupal volume across host species and a chi-square test was 
used to compare parasite prevalence across host species. 	  
 Tobago hosts  Galápagos hosts  
Parasite 
parameters 
BFGR TRMO  MGFI GAMO Statistics 
Parasite density 
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Fig. 5.1. Tropical mockingbird nestling with approximately 70 Philornis trinitensis 
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Fig. 5.2. Fledging success of black-faced grassquit (A), medium ground finch (B), 
tropical mockingbird (C), and Galápagos mockingbird (D) nestlings in fumigated and 
sham-fumigated nests.  Fumigated nests fledged significantly more offspring than sham-
fumigated nests for black-faced grassquits (Fisher’s exact test, P = 0.01) and medium 
ground finches (P < 0.0001).  Fledging success did not differ significantly for tropical 
mockingbirds (P = 0.07) or Galápagos mockingbirds (P = 1.00). 
 
	  	  	  
CHAPTER 6 
 
DARWIN’S FINCHES COMBAT INTRODUCED NEST PARASITES  
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laundry lines into their nests (Figure 
1A). To determine whether finches can 
be encouraged to self-fumigate their 
nests, we placed 30 cotton dispensers 
(Figure 1B) at 40-meter intervals along 
two transects through our study site 
(Supplemental information). Preliminary 
trials showed that finches transport 
cotton up to 20 meters (Supplemental 
information). 
We used two types of (interspersed) 
dispensers: experimental dispensers, 
which contained cotton treated with 
a 1% permethrin solution, and control 
dispensers, which contained cotton 
treated with water. Processed and 
unprocessed cotton were used to 
distinguish between the treatments. 
The two types of cotton were 
similar in appearance, but could be 
distinguished upon close inspection. 
A coin toss determined which 
treatment was assigned to which 
cotton type: processed cotton was 
used for the experimental treatment 
and unprocessed cotton for the 
control treatment. A preliminary 
experiment showed that finches 
do not discriminate on the basis of 
cotton type or fumigant (Figure 1C; 
Supplemental information).
Over the course of the study, we 
searched once a week for active nests 
within 20 meters of each dispenser. 
When a nest was found, it was 
checked with a camera on a long pole 
to confirm breeding activity. After the 
birds finished breeding, the nests were 
collected and dissected to quantify 
the number of P. downsi in each nest. 
Cotton and natural nest materials were 
separated and weighed.
We located 26 active Darwin’s 
finch nests, 22 (85%) of which 
contained cotton (Figure 1D). None 
of the nests contained more than one 
type of cotton. Thirteen nests had 
experimental (permethrin) cotton and 
nine nests had control (water) cotton. 
Nests were constructed by four 
species of Darwin’s finches: Geospiza 
fortis, G. fuliginosa, Camarhynchus 
parvulus, and Platyspiza crassirostris. 
Nests with experimental cotton had a 
mean (±SE) of 14.69 ± 9.54 parasites; 
control nests had a mean of 29.89 ± 
7.69 parasites (Mann-Whitney test: 
U = 31.00, P = 0.03). The effect of 
the experimental cotton was dose-
dependent. Of the eight nests that 
contained at least one gram of 
experimental cotton, seven had no 
parasites and the eighth had only 
four parasites (Figure 1E). There was 
Darwin’s finches 
combat introduced 
nest parasites with 
fumigated cotton
Sarah A. Knutie1,*, Sabrina M. McNew1, 
Andrew W. Bartlow1,  
Daniela A. Vargas2  
and Dale H. Clayton1
Introduced parasites are a threat to 
biodiversity when naïve hosts lack 
effective defenses against such 
parasites [1]. Several parasites have 
recently colonized the Galápagos 
Islands, threatening native bird 
populations [2]. For example, the 
introduced parasitic nest fly Philornis 
downsi (Diptera: Muscidae) has 
been implicated in the decline of 
endangered species of Darwin’s 
finches, such as the mangrove finch 
(Camarhynchus heliobates) [3]. Here, 
we show that Darwin’s finches can 
be encouraged to ‘self-fumigate’ 
nests with cotton fibers that have 
been treated with permethrin. Nests 
with permethrin-treated cotton had 
significantly fewer P. downsi than 
control nests, and nests containing at 
least one gram of cotton were virtually 
parasite-free. Nests directly fumigated 
with permethrin had fewer parasites 
and fledged more offspring than nests 
treated with water.
Adult P. downsi flies, which are not 
parasitic, lay their eggs in the nests 
of Darwin’s finches and other land 
birds in the Galápagos. Once the eggs 
hatch, the fly larvae feed on the blood 
of nestlings and adult females when 
they sit on the nest. Several previous 
studies have shown that P. downsi 
reduces the reproductive success of 
Darwin’s finches [4]. In some years, 
100% of nests at a given location 
can fail due to P. downsi [4–6]. It is 
therefore critical that control measures 
be developed to help reduce the effect 
of P. downsi on endangered Darwin’s 
finches and other birds [3,7].
Our study was conducted January–
April, 2013 at the El Garrapatero field 
site on Santa Cruz island [4,5]. The 
study was prompted by observations 
of several species of Darwin’s finches 
incorporating cotton fibers from 
Correspondence no relationship between cotton and parasite load among control nests 
(Figure 1E).  
Monitoring reproductive success 
requires climbing to nests and 
banding nestlings, which could 
interfere with self-fumigation 
behavior. We therefore quantified 
the effect of fumigation on host 
reproductive success using another 
37 Darwin’s finch nests adjacent to 
the self-fumigation transects. We 
sprayed experimental nests with a 
1% permethrin solution and control 
nests with water. Nestlings were 
banded with color bands, enabling 
us to confirm fledging success by 
identifying individual birds after 
they left the nest [4,5]. Once all of 
the nestlings in a nest had fledged 
or died, the nest was collected and 
dissected to quantify the number of 
parasites. 
The twenty experimental nests 
sprayed with permethrin had no 
parasites, while the 17 control nests 
sprayed with water had a mean of 
17.00 ± 3.89 parasites (Mann-Whitney 
test, U = 20.00, P < 0.0001). Nineteen 
of the twenty experimental nests 
(95%) fledged at least one offspring, 
while only 11 of the 17 control 
nests (65%) fledged any offspring 
(Fisher’s exact, P = 0.03). Overall, 50 
of 60 nestlings (83%) fledged from 
experimental nests, compared to just 
29 of 54 nestlings (54%) from control 
nests (Figure 1F). 
Our study shows that Darwin’s 
finches can control P. downsi with 
permethrin-treated cotton, and 
that fumigation increases fledging 
success. There are currently no other 
effective methods for controlling  
P. downsi. Self-fumigation may thus 
be a viable approach for combatting 
P. downsi in the nests of Darwin’s 
finches. The mangrove finch is the 
most critically endangered species 
of Darwin’s finch, with a population 
of less than 100 individuals restricted 
to a home range of less than 1 km2 
on Isabela Island [3]. Sixty cotton 
dispensers could treat this entire 
population. Self-fumigation may 
be a particularly efficient approach 
because mangrove finches often 
build their nests high in mangrove 
trees, where they are relatively 
inaccessible [3].
Our study is the first to demonstrate 
the effectiveness of self-fumigation 
against parasites. This approach has 
been tried previously where mice were 
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encouraged to incorporate fumigated 
cotton into their nests to kill ticks that 
vector Lyme disease. However, the 
effectiveness of the method is not 
clear [8]. Self-fumigation might also 
be useful for controlling the fleas that 
vector plague, which can contribute 
to the local extinction of black-tailed 
prairie dogs (Cynomys ludovicianus) 
[9]. Because prairie dogs incorporate 
plant fibers into their burrows, it might 
be possible to encourage them to use 
fumigated materials. Self-fumigation 
also has potential for the control 
of parasites in other threatened 
and endangered bird species. For 
example, it might be useful for 
combating explosive increases in lice 
that appear to have contributed to 
the decline of the Hawaiian endemic 
akepa honeycreeper (Loxops cocineus 
cocctneus) [10]. 
Figure 1. Incorporation of permethrin-treated cotton into nests by Darwin’s finches. 
(A) Female medium ground finch (Geospiza fortis) removing fibers from a cotton laundry line at 
the Charles Darwin Research Station, Galápagos. (B) Cotton dispenser at the field site; cotton 
has been removed from the lower half by finches. (C) Small ground finch (G. fuliginosa) removing 
cotton from a dispenser in a preliminary experiment. (D) Finch nest containing about one gram of 
cotton. (E) Parasite abundance was negatively correlated with the mass of experimental cotton 
(Spearman rank correlation: rs = -0.62, P = 0.03), but not with the mass of control cotton (rs = 0.22, 
P = 0.58). (F) Experimental nests treated with permethrin fledged more offspring than control 
nests treated with water (Fisher’s exact test: P = 0.001). Orange bars are the total number of 
nestlings monitored; green bars are the total number of nestlings that fledged.
Supplemental Information
Supplemental Information including experi-
mental procedures and one figure can be 
found with this article online at http://dx.doi.
org/10.1016/j.cub.2014.03.058.
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Figure S1 A partial representation of the field site with cotton dispensers.  Light gray 
area corresponds to the area searched for nests.  The experiment had a total of 30 
dispensers, with 15 along each side of the road in the pattern shown here. 
 
Supplemental Experimental Procedures 
Study system and field site 
Our field site, El Garrapatero, is a 5km x 1.5km area in the southeastern arid 
coastal zone of Santa Cruz Island, Galápagos.  Several species of Darwin’s finches are 
abundant at this site [S1], including the medium ground finch (Geospiza fortis), small 
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ground finch (G. fuliginosa), small tree finch (Camarhynchus parvulus), and vegetarian 
finch (Platyspiza crassirostris).  Finch nests are dome-shaped and constructed mainly of 
plant fibers.  Finches build their nests one to five meters above the ground at this site in 
endemic tree cacti (Opuntia echios gigantea) or Acacia trees. All procedures in our study 
were approved by the University of Utah IACUC (protocol #10-07003). 
 
Cotton dispensers  
Dispensers were made from 19-gauge hardware cloth, which held cotton in place 
(Figure 1B).  A piece of hardware cloth was folded in half with each side bound together 
by cotton string along the edges.  Two wooden perches were placed approximately 4cm 
from the bottom of the dispenser.  A black plastic roof was attached to the top of each 
dispenser to slow the degradation of permethrin from exposure to sunlight and rain.  
Processed and unprocessed cotton were used to distinguish between the experimental and 
control treatments.  Both types of cotton were obtained from U.S. Cotton™.  The only 
difference between the cotton types is that processed cotton is combed to align the fibers.   
 
Discrimination test 
Prior to our main study, we tested whether finches discriminate against cotton 
type and/or permethrin. We placed four dispensers at 100m intervals at the Charles 
Darwin Research Station.  Each dispenser was loaded with 3g of each type of cotton and 
treatment: permethrin-treated processed and unprocessed cotton and water-treated 
processed and unprocessed cotton (Figure 1C).  After 14 days, the cotton was weighed to 
the nearest 0.001g to determine how much of each type was removed from the 
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dispensers.  Over the course of two weeks, there was no significant difference in the type 
of cotton birds removed from the dispensers: finches removed a mean (± SE) of 0.83 ± 
0.46g processed permethrin cotton, 1.10 ± 0.64g unprocessed permethrin cotton, 0.90 ± 
0.70g processed water cotton, and 0.95 ± 0.60g unprocessed water cotton (Kruskal 
Wallis, H = 1.027, P = 0.80).  
 
Distance traveled for cotton 
We also tested how far finches will transport cotton to their nests.  We placed a 
dispenser with cotton in the field at a location away from our main study site.  About four 
weeks later, we collected nests within 200 meters of the dispenser after birds were 
finished using the nests (Darwin's finches do not re-use the same nests [S2]).  We 
dissected each nest to determine whether it contained any cotton.  Two nests closest to 
the dispenser (7 and 17 meters) had cotton, but ten more distant nests (all >25 meters 
away) contained no cotton.  Thus, we concluded that Darwin’s finches at this site will 
transport cotton up to about 20 meters.   
 
Self-fumigation experiment 
Based on the preference test, 30 cotton dispensers were hung from trees 40 meters 
apart (approximately 2 meters above the ground) along two transects through our field 
site (Figure S1).  Experimental dispensers contained processed cotton treated with a 1% 
permethrin solution; control dispersers contained unprocessed cotton treated with water.  
Thirty-five grams of experimental or control cotton were placed evenly over the bottom 
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three-quarters of each dispenser.  The cotton was re-sprayed with permethrin or water 
every 8-10 days.   
We searched for active Darwin’s finch nests once a week for approximately 2 
months after the dispensers were placed in the field.  Once a nest was found, breeding 
activity (eggs or nestlings) was confirmed by checking the nest with a fiber optic camera 
(31mm in diameter, 36 mm in length; Sony®, Tokyo, Japan) attached to a 4m collapsible 
pole.  During this visit, we also identified the species of Darwin’s finch associated with 
each nest by briefly observing nest activity with binoculars from at least 5m away.  Six of 
the experimental nests were built by G. fortis, five by G. fuliginosa, one by C. parvulus, 
and one by an unidentified finch species.  Two of the control nests were built by G. fortis, 
one by G. fuliginosa, two by C. parvulus, one by P. crassirostris, and three by 
unidentified finch species. 
Once nestlings had died or fledged, each nest was collected and sealed in a plastic 
bag.  The nest was dissected within eight hours and any P. downsi larvae, pupae, and 
eclosed pupal cases were counted.  First instar larvae can burrow subcutaneously into 
nestlings, making them impossible to quantify reliably [S3].  Therefore, as in previous 
studies [S3], total parasite abundance was the sum of all second and third instar larvae, 
pupae, and eclosed pupal cases in the nest material.  Larvae and pupae removed from 
nests were reared to confirm their identification as P. downsi [S4]. 
 All cotton was removed from nests and weighed to the nearest 0.001g.  Non-
cotton nest material was also weighed to the nearest 0.001g.  The amount of cotton used 
in nests did not differ significantly by treatment.  Thirteen experimental nests had a mean 
(± SE) of 2.12 ± 0.62g cotton; nine control nests had a mean of 1.04 ± 0.47g cotton 
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(Mann-Whitney test: U = 40.00, P = 0.23).  The percent of nest material comprised of 
cotton did not differ significantly by treatment (experimental nests were 5.61 ± 1.87% 
cotton; control nests were 2.50 ± 1.23% cotton; Mann-Whitney test: U = 39.00, P = 
0.20).  Four nests did not contain any cotton; these nests had a mean of 48.25 ± 16.68 
parasites.    
 
Effect of fumigation on fledging 
Active nests were visited every other day between 0600 and 1100h to record the 
number of eggs and nestlings present.  Nests were randomly assigned to the experimental 
or control group.  Experimental nests were sprayed with a 1% permethrin solution; 
control nests were sprayed with water.  Nests were treated when the first nestling 
hatched, and again 4 days later. Nestlings, eggs and a thin layer of material from the 
bottom of the nest were removed before the nests were treated.  Parents were quick to 
return to their nests following treatment, and there were no cases of nest abandonment 
due to treatment.  Nestlings were marked shortly after hatching by coloring one toenail 
with a permanent marker.  At ~8 days of age, nestlings were banded with a numbered 
monel metal band and three color bands.  Banded nestlings were then re-sighted within 
seven days of leaving the nest to confirm fledging success.  After the nest failed or all 
nestlings had fledged, the nest was collected and sealed in a plastic bag to quantify P. 
downsi, as described above.  Three nests in the control treatment were overrun by fire 






S1. Foster, D. J., Podos, J., and Hendry, A. (2008). A geometric morphometric 
appraisal of beak shape in Darwin’s finches. J. Evol. Biol. 21, 263–75. 
S2. Grant, P. (1999). Ecology and Evolution of Darwin’s Finches (Princeton, New 
Jersey: Princeton University Press). 
S3. Koop, J. A. H., Huber, S. K., Laverty, S. M., and Clayton, D. H. (2011). 
Experimental demonstration of the fitness consequences of an introduced parasite 
of Darwin’s finches. PLoS One 6, e19706. 
S4. Dodge, H. R., and Aitken, T. H. G. (1968). Philornis Flies from Trinidad (Diptera: 
Muscidae). J. Kansas Entomol. Soc. 41, 134–154.  
 	  	  
	  	  	  
APPENDIX A 
 
EXPERIMENTAL DEMONSTRATION OF A PARASITE-INDUCED IMMUNE 
RESPONSE IN WILD BIRDS: DARWIN’S FINCHES  
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Abstract
Ecological immunology aims to explain variation among hosts in the strength
and efficacy of immunological defenses. However, a shortcoming has been the
failure to link host immune responses to actual parasites under natural condi-
tions. Here, we present one of the first experimental demonstrations of a parasite-
induced immune response in a wild bird population. The recently introduced
ectoparasitic nest fly Philornis downsi severely impacts the fitness of Darwin’s
finches and other land birds in the Gal!apagos Islands. An earlier study showed
that female medium ground finches (Geospiza fortis) had P. downsi-binding
antibodies correlating with presumed variation in fly exposure over time. In the
current study, we experimentally manipulated fly abundance to test whether the
fly does, in fact, cause changes in antibody levels. We manipulated P. downsi
abundance in nests and quantified P. downsi-binding antibody levels of medium
ground finch mothers, fathers, and nestlings. We also quantified host behaviors,
such as preening, which can integrate with antibody-mediated defenses against
ectoparasites. Philornis downsi-binding antibody levels were significantly higher
among mothers at parasitized nests, compared to mothers at (fumigated) non-
parasitized nests. Mothers with higher antibody levels tended to have fewer para-
sites in their nests, suggesting that antibodies play a role in defense against
parasites. Mothers showed no behavioral changes that would enhance the effec-
tiveness of the immune response. Neither adult males, nor nestlings, had
P. downsi-induced immunological or behavioral responses that would enhance
defense against flies. None of the parasitized nests fledged any offspring, despite
the immune response by mothers. Thus, this study shows that, while the immune
response of mothers appeared to be defensive, it was not sufficient to rescue
current reproductive fitness. This study further shows the importance of testing
the fitness consequences of immune defenses, rather than assuming that such
responses increase host fitness.
Introduction
Immune responses can protect hosts from the fitness costs
of parasitism; however, the strength and effectiveness of
immune-mediated defense varies among individuals. Vari-
ability has been linked to factors including, but not limited
to, host reproductive condition (Horak et al. 1999; Ilmonen
et al. 2002), stress (Lacoste et al. 2002), evolutionary
history of exposure (Lee and Klasing 2004; Matson 2006;
Bonneaud et al. 2012), and genetic factors (Beadell et al.
2007). The ability to identify underlying causes of variation
is limited by the context in which studies are performed
(Graham et al. 2011). A major challenge in ecological
immunology has been drawing causal relationships between
host immune responses and actual parasites, under natural
conditions (Owen and Clayton 2007; Owen et al. 2010;
Boughton et al. 2011). Studies that experimentally manipu-
late parasite abundance and test for parasite-induced host
immune responses have the potential to be very informative;
unfortunately, such studies are few in number (Buechler
ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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et al. 2002; De Coster et al. 2010). In this article we report
the results of one of the first such studies in a natural host–
parasite system.
In the Gal!apagos Islands of Ecuador an introduced
parasitic nest fly, Philornis downsi, has been implicated in
recent population declines of several species of Darwin’s
finches (Dvorak et al. 2004, 2012; Wiedenfeld et al. 2007;
O’Connor et al. 2010b,c). Adult flies, which are not para-
sitic, lay their eggs in the nests of finches (Couri and
Carvalho 2003; Fessl et al. 2006), or in the nares (nostrils)
of nestlings (Galligan and Kleindorfer 2009). Once the
eggs hatch, the larvae live in the nest and feed on the
blood of the nestling and adult female birds (Dudaniec
et al. 2006; Huber et al. 2010). Philornis downsi is known
to have a significant negative effect on the reproductive
success of its hosts (reviewed in Koop et al. 2011).
A recent study by Huber et al. (2010) of medium ground
finches (Geospiza fortis; Fig. 1) demonstrated increased
levels of P. downsi-binding antibodies in birds during the
nesting season, compared to birds sampled immediately
prior to nesting. This increase in antibodies was observed
in adult female birds, but not in adult males. Female finches
incubate eggs and brood offspring, hypothetically increas-
ing their exposure to P. downsi larvae in the nest. Male
finches do not incubate eggs or brood nestlings. Although
Huber et al. (2010) showed a correlation between nesting
and increased antibody level, this correlation could be dri-
ven by other variables such as immune stimulation induced
by breeding stress (Pruett 2003). An experimental manipu-
lation of parasite abundance is needed to confirm the
extent to which the immune response is actually caused by
the parasite. To this end, we manipulated parasite abun-
dance in nests to confirm that the observed changes in
immune response are, in fact, induced by P. downsi, and
are not the product of other temporal correlates.
We also monitored adult and nestling behavior with
respect to P. downsi in the nest. Behavioral defense can be
integrated with immune responses against ectoparasites
(Lehane 2005). For example, host antibodies produced
against salivary proteins of ectoparasites are known to
promote pruritus (itching), alerting the host to the pres-
ence of parasites (Wikel 1996; Owen et al. 2009). Hosts
that respond to the presence of biting insects with defen-
sive behaviors, such as preening, are far more likely to
injure, kill, or reduce the feeding time of the parasite
(Dusbabek and Skarkovaspakova 1988; O’Connor et al.
2010a).
Yet another goal of this study was to investigate the
role of immune responses in mitigating the fitness effects
of P. downsi. Antibodies produced by hosts have the
potential to act defensively against ectoparasites, like P.
downsi, by facilitating the speed and intensity of inflam-
matory responses (Owen et al. 2010). Inflammation of
the skin inhibits blood feeding by preventing parasites
from reaching host blood vessels with their mouthparts.
Ectoparasites feeding on inflamed tissues may also ingest
defensive peptides, or lytic molecules produced by the
host that impair parasite feeding and digestion (Owen
et al. 2009). These components of the immune response
can lead to dramatic reductions in the survival, develop-
ment, and reproduction of parasites (Owen et al. 2009).
Thus, we compared the level of immune response by
finches to the abundance of P. downsi larvae in their
nests.
Finally, we quantified host reproductive success to
investigate potential fitness consequences of host immune
responses. Immune responses, even those associated with
negative consequences for parasites, do not necessarily
lead to increases in host fitness (Sheldon and Verhulst
1996; Norris and Evans 2000). Mounting an immune
response is energetically expensive and may involve trade-
offs with other fitness components, such as parental care
or reproductive effort (Raberg et al. 2000). Thus, hosts
mounting strong immune responses against a parasite
may have reduced fitness if they are less able to care for
their offspring. Conversely, the benefit of reducing para-
site abundance may outweigh the costs of an immune
response and lead to a net increase in host fitness. Host
immune response and behavior, parasite abundance, and
host fitness must be measured simultaneously to rigor-
ously interpret the influence of host immune defense on
host fitness (Graham et al. 2011).
Material and Methods
Site description and experimental design
The study was conducted during January–April 2010 on
the island of Santa Cruz in the Gal!apagos Archipelago.
Our field site, El Garrapatero, is a 1.5 9 1.5 km area in
Figure 1. Photo of a female medium ground finch from El
Garrapatero, Santa Cruz, Galapagos.
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the arid, coastal zone. Medium ground finches are abun-
dant at El Garrapatero, where they nest primarily in giant
prickly pear cacti (Opuntia galapageia) (Huber 2008).
Clutch size ranges from 2 to 5 eggs, and females incubate
for 10–14 days. Medium ground finch nestlings hatch
asynchronously over a 2- to 4-day period. Nestlings spend
10–14 days in the nest, prior to fledging. In years of ade-
quate food resources, medium ground finches can lay
multiple clutches within a given breeding season, but they
do not reuse the same nests (Grant 1999).
We experimentally manipulated the abundance of
P. downsi in medium ground finch nests and monitored
host fitness following treatment. Additional factors, such
as poor weather conditions, may have contributed to vari-
ation in host fitness; however, these effects were expected
to act equally on across treatments. Therefore, by using
an experimental approach, we were able to isolate and
quantify the effect of only P. downsi on host fitness. To
manipulate parasite abundance, we sprayed a 1% aqueous
permethrin solution (PermectrinTM II, KMG-Bernuth,
Inc., Houston, TX) into experimental nests; control nests
were sham-fumigated with water. Nests were treated when
the first nestling hatched, and again 4 days later. At each
time period, nestlings and eggs were briefly removed from
the nest along with a thin layer of nest material from the
bottom of the nest. The nest was sprayed with either per-
methrin or water using a generic spray bottle with a fine
mist setting. The nest was allowed to dry for several min-
utes at which point the nest material, nestlings, and eggs
were returned to the nest (typically within 10 min of
removal). Parents were quick to return to nests following
treatment, and there were no cases of nest abandonment
due to treatment. If a single pair of birds nested more
than once during the study period, the treatment was
reversed between reproductive bouts.
Active nests were visited every other day between 0600
and 1100 h to record the number of eggs and nestlings
present. We continued to monitor nests until all nes-
tlings died or fledged. Nestlings were marked shortly after
hatching by coloring one toenail with a permanent mar-
ker (Sharpie!, Newell Rubbermaid, Oak Brook, IL). At
~5 days of age, nestlings were banded with a numbered
monel metal band and three color bands. Successful
fledging was confirmed by observing and identifying birds
after they left the nest using color band combinations
(Koop et al. 2011). Once empty, nests were collected and
placed in a sealed bag to quantify P. downsi.
Parasite abundance
The 21 fumigated and 22 sham-fumigated nests were care-
fully dissected within 8 h of collection and any P. downsi
larvae, pupae, and eclosed pupal cases were counted. First
instar larvae can live subcutaneously in nestlings, making
them impossible to quantify reliably. Therefore, total para-
site abundance was the sum of all second and third instar
larvae, pupae, and eclosed pupal cases found in the nest
material or externally on nestlings. Larvae and pupae
removed from nests were reared to confirm their identifica-
tion as P. downsi (Dodge and Aitken 1968).
Blood sampling
When the oldest nestling was ~5 days old, we used a mist
net to capture the parent birds near the nest between
0600 and 0900 h. From each parent we collected a small
blood sample (90 lL) in a microcapillary tube via bra-
chial venipuncture (n = 14 females and 10 males from
fumigated nests, 15 females and 10 males from sham-
fumigated nests). Adults were banded with a numbered
monel metal band and three color bands before being
released. We also collected a blood sample (30 lL) from
each nestling when they were 5–6 days old via brachial
venipuncture (n = 59 nestlings from fumigated nests, 10
nestlings from sham-fumigated nests). Samples were
stored on wet ice in the field, then in a !20°C freezer at
a field station, and ultimately in a !80°C freezer for
longer term storage after the field season.
Immunology
We used enzyme-linked immunosorbent assays (ELISA)
to detect the presence of P. downsi-binding antibodies in
the plasma of finches. Our protocol was modified slightly
from that of Huber et al. (2010). Briefly, 96-well plates
were coated with 100 lL/well of P. downsi protein extract
(capture antigen) diluted in carbonate coating buffer
(0.05 mol/L, pH 9.6). Plates were incubated overnight at
4°C, then washed and coated with 200 lL/well of bovine
serum albumin (BSA) blocking buffer and incubated for
30 min at room temperature on an orbital table. Between
each of the following steps, plates were washed five times
with a Tris-buffered saline wash solution, loaded as
described, and incubated for 1 h on an orbital table at
room temperature. Triplicate wells were loaded with
100 lL/well of individual finch plasma (diluted 1:500 in
sample buffer). Plates were then loaded with 100 lL/well
of Rabbit-aHOSP-IgY (primary detection antibody;
diluted 1:10,000), followed by 100 lL/well of Goat-aRab-
bit-hrp (secondary detection antibody; diluted 1:20,000)
(Bethyl Laboratories, Montgomery, TX). Finally, plates
were loaded with 100 lL/well of peroxidase substrate (tet-
ramethylbenzidine, TMB: Kirkegaard and Perry cat.,
Gaithersburg, MD, 50-77-03) and incubated for exactly
10 min. The reaction was stopped using 100 lL/well of
2 mol/L H2SO4. Optical density (OD) was measured
ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 3
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using a spectrophotometer (BioTek, PowerWave HT,
Winooski, VT, 450-nanometer filter).
On each plate, a positive control of pooled plasma was
used in triplicate to correct for inter-plate variation. In
addition, each plate contained a nonspecific binding
(NSB) sample in which capture antigen, detection anti-
body, and secondary detection antibody were added, but
plasma was excluded. Finally, each plate included a blank
sample in which only the detection antibody was added,
but plasma and capture antigen were excluded. NSB
absorbance values were subtracted from the mean OD
value of each sample. Antibody levels were compared
between fumigated and sham-fumigated nests for adult
females, adult males, and nestlings using a two-way analysis
of variance (ANOVA) with Bonferroni multiple comparison
post hoc tests (a < 0.05). We performed a Pearson corre-
lation analysis to examine the relationship between female
OD values from sham-fumigated nests and parasite
abundance.
Behavior
We monitored parental and nestling activities using
battery-powered Sony! (Tokyo, Japan) video camera sys-
tems. We placed small nest cameras (31 mm in diame-
ter, 36 mm in length) in the tops of nests. The cameras
were attached to small recording devices (PV700 Hi-res
DVR, 8 9 12 9 3 cm, StuntCams, Grand Rapids, MI)
hidden under brush. Behavior was recorded for ~3 h
between 0600 and 1000 in haphazard subsamples of
fumigated (n = 9) and sham-fumigated (n = 9) nests.
From the video recordings we quantified the amount
of time males and females spent at the nest after nestlings
hatched. We also quantified the following female behav-
iors, which were performed at the nest: feeding nestlings,
nest sanitation, brooding nestlings, standing at the nest
entrance, standing erect in the nest, self-preening, and
allo-preening nestlings. All of these behaviors were mutu-
ally exclusive, with the exception of self-preening. Because
females often preened while brooding nestlings, time
spent self-preening was analyzed independently of other
behaviors at the nest. All other behaviors are presented
and analyzed as a proportion of time spent at the nest.
We also quantified the following male behaviors per-
formed at the nest: feeding nestlings, nest sanitation, feed-
ing the female, and standing at the nest entrance. Males
do not brood nestlings. All of these male behaviors were
mutually exclusive and are presented and analyzed as a
proportion of the time observed at the nest. While at the
nest, males were never observed preening themselves, or
nestlings.
Time spent feeding nestlings was measured from the
moment an adult began transferring food to a nestling
until the adult’s bill left contact with the last nestling.
Nest sanitation was measured when an adult actively con-
tacted the nest material with its bill (Christe et al. 1996).
Brooding time was measured when a female was sitting in
the nest in direct contact with nestlings. Males and
females also spent time standing at the nest entrance, but
only females spent time standing erect inside the nest.
Males performed all behaviors from the nest entrance;
they were never observed entering the nest.
We also quantified two nestling behaviors: self-preen-
ing, defined as the amount of time a nestling moved its
bill in contact with its body, and agitation, defined as
shaking, repositioning, or jumping in the nest. Parents
often blocked the camera, interfering with our ability to
see nestlings; therefore, we only quantified nestling behav-
ior when parents were not present at the nest. Nestling
behaviors are reported as the proportion of the time they
were observed without the parents present.
All videos were watched and scored by a single observer
(M. A. A.) who was blind to nest treatment. Videos were
analyzed using VLC media player (VideoLAN) and Quick-
time 10.0 (Apple, Inc., Cupertino, CA). Nestlings in the
videos ranged in age from 2 to 6 days and clutch size ran-
ged from 1 to 5 nestlings. A single day of video for each
nest was paired between treatments, based on nestling age
and clutch size, such that neither mean nestling age, nor
mean clutch size, differed significantly between treatments.
We quantified behaviors from 54 total hours of video, with
an average of 3 h for each of the 18 nests (nine fumigated,
nine sham-fumigated). Two nests, one from each treat-
ment, had males that were never observed at the nest while
videotaping occurred. Therefore, we report behavior for
females from 18 nests and for males from only 16 nests.
We used Wilcoxon matched-pair tests to compare the
mean (!SE) time spent performing behaviors between
treatments. We used Chi-square tests to compare the allo-
cation of time across all behaviors performed at the nest.
All statistical analyses were performed using in Prism!
v.5.0b (GraphPad Software, Inc., La Jolla, CA) or R
v.2.12.2 (R Development Core Team, Vienna, Austria).
Results
Parasite abundance
The experimental treatment of nests with permethrin was
effective in reducing parasite abundance. Sham-fumigated
nests had a mean parasite abundance of 38.50 ! 5.13 P.
downsi, compared to 0.23 ! 0.19 P. downsi in fumigated
nests (t = 7.40, P < 0.0001; Fig. 2). Parasite abundance
ranged from 5 to 79 parasites in sham-fumigated nests
and from 0 to 4 parasites in fumigated nests. Nineteen
fumigated nests were free of P. downsi; the remaining two
4 ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
Ecological Immunology of Darwin’s Finches J. A. H. Koop et al.
	   134 
	  
nests, which experienced heavy rain soon after permethrin
application, had very small numbers of P. downsi (one fly
and four flies, respectively). Philornis downsi was found in
all 22 sham-fumigated nests.
Immunology
Philornis downsi-binding antibody responses differed signif-
icantly with family status, that is among adult females,
adult males, and nestlings (two-way ANOVA; family status:
F2, 105 = 95.12, P < 0.001; Fig. 3). There was also a signifi-
cant effect of nest treatment (treatment: F1, 105 = 5.18,
P = 0.02), but no significant interaction between treatment
and family status (treatment 9 family status: F2, 105 = 2.19,
P = 0.12). Bonferroni post hoc multiple comparisons
showed that females in sham-fumigated nests had signifi-
cantly greater P. downsi-binding antibody levels than
females in fumigated nests (t = 2.93, P < 0.05). However,
neither male nor nestling antibody levels differed signifi-
cantly between treatments (males: t = 1.02, P > 0.05; nes-
tlings: t = 0.92, P > 0.05). Hence, only females showed a
significant, detectable antibody response to the experimen-
tal manipulation of P. downsi abundance in nests.
Among females from sham-fumigated nests (n = 14), P.
downsi-binding antibody levels and parasite abundance
were marginally correlated (Pearson correlation, r = !0.51,
P = 0.06; Fig. 4). Females with greater P. downsi-binding
antibody levels had fewer parasites in their nests.
Behavior
Females did not differ significantly in the amount of time
they spent at fumigated and sham-fumigated nests (n = 9
females from fumigated nests, nine females from sham-
fumigated nests; Wilcoxon -matched pairs, W = !27.0,
P = 0.13); females from fumigated nests spent
44.1 " 6.6% of their time at the nest, compared to
56.1 " 9.1% for females at sham-fumigated nests.
Females spent very little time self-preening at the nest,
and there was no significant effect of treatment on self-
preening (W = 8.0, P = 0.59); females in fumigated nests
spent only 1.9 " 1.4% of their time preening, compared
to 1.4 " 1.0% for females in sham-fumigated nests.
Females spent <1% of their time allo-preening nestlings,
Figure 2. Box and whiskers plot of parasite abundance in fumigated
and sham-fumigated nests. Boxes show the median, and the 25th%
and 75th% for each treatment. Whiskers show the maximum and
minimum values. The mean is indicated by a (+). The number of nests
included in each treatment is shown above the bars.
Figure 3. Mean ("SE) Philornis downsi-binding antibody response
(optical density, OD) of adult females, adult males, and nestlings from
fumigated and sham-fumigated nests. The number of individuals
sampled is shown above each bar. Asterisk indicates a significant
difference (P < 0.05) between treatments using Bonferroni post hoc
comparisons (NS = nonsignificant).
Figure 4. Relationship between adult female Philornis downsi-binding
antibody level (optical density, OD) and P. downsi abundance in
sham-fumigated nests. Each point represents a single female parent.
ª 2013 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd. 5
J. A. H. Koop et al. Ecological Immunology of Darwin’s Finches
	   135 
	  
and there was no significant difference between treat-
ments (W = !10.0, P = 0.13). Because preening was such
an uncommon behavior, it was excluded from the addi-
tional comparisons of behavior below.
Females differed significantly in the time they devoted
to different behaviors at fumigated versus sham-fumigated
nests (v2 = 18.46, df = 4, P = 0.001, Fig. 5A). The largest
difference between treatments was in the time females
spent brooding their offspring, versus standing erect in
the nest. Females in fumigated nests spent 65 " 8.7% of
their time brooding, compared to 38 " 9.1% by females
in sham-fumigated nests. Females in fumigated nests
spent 5.7 " 1.1% of their time standing erect in the nest,
compared to 21.5 " 6.3% by females in sham-fumigated
nests.
Males did not differ significantly between treatments in
the amount of time they performed different behaviors
while at the nest (n = 8 males from fumigated nests, eight
males from sham-fumigated nests; v2 = 1.23, P = 0.75;
Fig. 5B). Overall, males spent very little time at the nest
and there was no significant difference between treat-
ments in nest attendance by males (W = 29.0, P = 0.10).
Males in fumigated nests spent 3.2 " 0.8% of their time
at the nest, while males in sham-fumigated nests spent
1.6 " 0.4% of their time at the nest.
Nestlings in fumigated nests tended to show less agita-
tion (0.2 " 0.1%) than nestlings in sham-fumigated nests
(1.3 " 0.7%), though the difference was not statistically
significant (W = !25.0, P = 0.09). However, the agitation
behavior of nestlings in sham-fumigated nests was signifi-
cantly more variable than that of nestlings in fumigated
nests (range within sham-fumigated nests, 0–5.27%; range
within fumigated nests, 0–0.64%; F-test to compare vari-
ances, F = 71.6, df = 8.8, P < 0.0001). In short, the varia-
tion in agitation by nestlings in sham-fumigated nests was
eightfold more than that of nestlings in fumigated nests.
Nestlings were observed preening in only three nests (one
sham-fumigated, two fumigated). Nestlings spent <1% of
their time self-preening, which did not differ significantly
between treatments (W = !3, P = 0.50).
Fledging success
All 21 fumigated nests (100%) fledged at least one off-
spring, while none of the 22 sham-fumigated nests (0%)
fledged any offspring (Fisher’s Exact, P < 0.0001). Fifty-
six of 74 (76%) nestlings fledged from fumigated nests,
compared to 0 of 62 (0%) nestlings from sham-fumigated
nests (P < 0.0001).
Discussion
This study experimentally demonstrates a parasite-
induced immune response in a wild bird population. Our
results show a causal link between a biologically relevant
host immune response and an actual parasite, under
natural conditions. Adult female, but not male, medium
ground finches produced a significant immunological
(antibody-mediated) response to P. downsi. Our results
show experimentally that P. downsi does, in fact, stimulate
an immune response in adult females, consistent with the
correlation reported by Huber et al. (2010). Furthermore,
we show that females mounting stronger parasite-induced
immune responses tend to have fewer parasites in their
nests.
This study is one of the first demonstrations of an
apparent effect of a parasite-induced immune response
on parasite abundance in a wild bird. Work with other
bird parasites has shown that antibody-mediated immune
responses can increase the speed and intensity of the
inflammatory response, preventing successful feeding of
parasites and reducing parasite survival (Owen et al.
2009). Alternatively, the mechanism could be indirect; for
example, female antibody responses may promote itching
that alerts the host to biting insects (Wikel 1996; Owen
et al. 2009). Females that respond with defensive behav-
iors, such as preening, could kill, injure, or remove para-
sites (Dusbabek and Skarkovaspakova 1988; O’Connor
et al. 2010a). Further work is needed to explore addi-
tional variables that may be co-correlated with female
immune response and parasite abundance.
(A)
(B)
Figure 5. Mosaic plots of parental behaviors performed at the nest
by (A) adult females and (B) adult males in fumigated and sham-
fumigated nests (N = 9 nests per treatment for females; N = 8 nests
per treatment for males).
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A reduction in parasite burden is expected to benefit
nestlings and thereby improve host reproductive success.
However, within the parameters of this study, the
observed decrease in parasite abundance did not help nes-
tlings, as no nestlings fledged from any of the sham-fumi-
gated nests. This result was surprising, given the results of
a previous study performed in 2008 which showed that
eradicating some, but not all, P. downsi from medium
ground finch nests leads to increased fledging success
(Koop et al. 2011). Koop et al. (2011) significantly
reduced mean P. downsi abundance to ~21 parasites in
nests treated with nest liners, compared to untreated
nests, which had ~38 parasites per nest. This reduction
was sufficient to increase fledgling success in lined nests,
where 33% of nests fledged at least one offspring, com-
pared to unlined nests, where only 4% of nests fledged
any offspring. In this study, parasite abundance in sham-
fumigated nests ranged from 5 to 79 P. downsi per nest
(Fig. 2), yet no nestlings survived from nests in this treat-
ment. The young age at which nestlings in this study died
and the complete failure of nests even with low parasite
abundance suggests that the impact of P. downsi on
finches was unusually severe at our study site in 2010.
One possible reason is that 2009 was a very dry year;
annual rainfall in 2009 was 219 mm, compared to
503 mm in 2010 (Charles Darwin Foundation [2012],
Meteorological Database). Dry years reduce overall seed
availability, meaning that the seed bank in 2010 may have
been depleted (Schluter 1982). Limited food resources are
expected to negatively affect adult condition (Boag and
Grant 1984), which may have placed additional stress on
nestlings.
Furthermore, annual differences in rainfall may have
contributed to changes in P. downsi virulence. Multiple P.
downsi females can infest a single finch nest and female
flies can mate with multiple males (Dudaniec et al. 2010).
Thus, the relatedness between P. downsi larvae in a single
finch nest has a relatively high degree of variability. Mod-
els of kin selection predict that when genetic relatedness
of parasites is low, competition for within-host resources
increases, leading to greater costs to the host (Frank 1994,
1996). While we did not collect data to directly test this
idea, annual variation in climatic conditions may have
altered the egg laying strategy of female flies, causing vari-
ation in parasite virulence between years. However, varia-
tion in parasite virulence could also be due to a number
of other factors, such as host bird traits. Further investi-
gation is needed to determine the role of biotic and
abiotic factors on P. downsi virulence.
Independent of the effect on parasite abundance, female
immune responses are thought to alter parental investment
in current or future offspring (Raberg et al. 2000; Bonneaud
et al. 2003). The ability of adult birds to perform parental
behaviors can depend on the amount of energy invested (or
not invested) in an immune response. Increases in nest sani-
tation and preening behaviors can serve to reduce parasite
burden in the nest (Christe et al. 1996; Hurtrez-Bousses et al.
2000; Clayton et al. 2010). Parents can also alter the rate at
which they feed nestlings in order to provide energetic com-
pensation for the direct negative effects of parasitism (Tripet
and Richner 1997; Hurtrez-Bousses et al. 1998). Alterna-
tively, birds can abandon nests with parasites in favor of
future reproductive efforts (Duffy 1983). O’Connor et al.
(2010a) observed females of several finch species performing
nest sanitation as well as allo-preening the feathers and nares
of nestlings in nests with P. downsi. Interestingly, we observed
almost no allo-preening; however, our observations were of
younger nestlings (most of which were dead by 1 week of
age). Our data show that while females did not abandon their
parasitized nestlings or spend less time at the nest, they also
did not significantly increase potentially beneficial behaviors,
such as nest sanitation, or feeding nestlings. As in this study,
O’Connor et al. (2010a) found no correlation between P.
downsi intensity and parental feeding of nestlings.
Females in this study did, however, alter their brooding
behavior; females in parasitized nests brooded signifi-
cantly less and stood up more than females in fumigated
nests. Whether this behavior was in response to agitated
nestlings, or the parasites themselves, standing was proba-
bly an avoidance strategy for females (Hart 1990).
Although this study shows that these responses were not
sufficient to rescue current reproduction, further study is
needed to determine whether female responses increase
their ability to invest in future reproduction.
Young altricial nestlings are expected to serve as
primary hosts for nest parasites because they lack the nec-
essary motor skills to preen or stand. Furthermore, both
the innate and acquired arms of the immune system are
developing in nestlings, perhaps making them incapable
of mounting a robust immune response to parasites
(Palacios et al. 2009). We found no detectable difference in
antibody levels of nestlings in fumigated and sham-fumi-
gated nests. This result suggests that nestlings are not able
to defend themselves immunologically against P. downsi
in the nest. However, it should be noted that the rapid
mortality of nestlings in sham-fumigated nests limited
our sampling to young nestlings (~5 days of age). A
recent study by King et al. (2010) found that nestlings of
some species of birds can start producing parasite-
induced antibodies endogenously within 3–6 days of age.
Thus, quantification of antibodies from older nestlings
(6–14 days old) may yield different results. Of course, the
ability of nestlings to produce P. downsi-binding antibod-
ies and immunologically defend themselves against nest
parasites is dependent upon their survival to that time
point.
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Our results suggest that young nestlings are incapable
of responding behaviorally to P. downsi. O’Connor et al.
(2010a) observed medium ground finch nestlings preen-
ing themselves in a nest parasitized by P. downsi. The
same nestlings were also observed trying to climb on top
of one another, possibly to escape P. downsi larvae
attempting to feed. Nestlings in this study were observed
preening only rarely (<1% of time), and the behavior did
not differ significantly between treatments. Nestlings from
sham-fumigated nests tended to show more agitated
behavior than those in fumigated nests. Periods of agita-
tion included shaking and repositioning within the nest,
but we did not observe nestlings standing on top of one
another. Again, many of the nestlings observed by O’Con-
nor et al. (2010a) were significantly older (>8 days of
age), which may explain the differences in behavior
between studies. Very young nestlings lack the necessary
motor skills to preen themselves, or stand.
Studies that explore trade-offs between host immune
response and life-history components often operate under
the assumption that stronger immune responses are posi-
tively correlated with higher fitness (Norris and Evans
2000). This study demonstrates immunological activity of
birds in response to a biologically relevant parasite. The
data further suggest that stronger immune responses are
defensive, because higher antibody levels are marginally
correlated with lower parasite abundance. However,
higher antibody levels did not result in higher reproduc-
tive success. This study provides a cautionary tale: even
when stronger immune responses lead to lower parasite
load, this does not necessarily result in higher host fitness.
Our study underscores the importance of studying inter-
actions between the host immune system, parasite load,
and host fitness in order to derive robust conclusions
regarding the functional significance of the immune sys-
tem in an ecological context (Owen et al. 2010; Graham
et al. 2011).
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Abstract
Theprevailing theory for themolecularbasisofevolution involvesgeneticmutations thatultimatelygenerate theheritablephenotypic
variationonwhichnatural selection acts.However, epigenetic transgenerational inheritanceofphenotypic variationmayalsoplay an
important role in evolutionary change. A growing number of studies have demonstrated the presence of epigenetic inheritance in a
variety of different organisms that can persist for hundreds of generations. The possibility that epigenetic changes can accumulate
over longer periods of evolutionary timehas seldombeen testedempirically. This studywasdesigned to compare epigenetic changes
among several closely related species of Darwin’s finches, a well-known example of adaptive radiation. Erythrocyte DNA was
obtained from five species of sympatric Darwin’s finches that vary in phylogenetic relatedness. Genome-wide alterations in genetic
mutations using copy number variation (CNV) were compared with epigenetic alterations associated with differential DNA meth-
ylation regions (epimutations). Epimutationsweremore common thangenetic CNVmutations among the five species; furthermore,
the number of epimutations increased monotonically with phylogenetic distance. Interestingly, the number of genetic CNV muta-
tions did not consistently increase with phylogenetic distance. The number, chromosomal locations, regional clustering, and lack of
overlap of epimutations and genetic mutations suggest that epigenetic changes are distinct and that they correlate with the evo-
lutionary history of Darwin’s finches. The potential functional significance of the epimutations was explored by comparing their
locations on the genome to the location of evolutionarily important genes and cellular pathways in birds. Specific epimutationswere
associated with genes related to the bone morphogenic protein, toll receptor, and melanogenesis signaling pathways. Species-
specific epimutationswere significantly overrepresented in thesepathways.Asenvironmental factors are known to result inheritable
changes in theepigenome, it ispossible thatepigeneticchangescontribute to themolecularbasisof theevolutionofDarwin’sfinches.
Key words: epimutations, DNA methylation, copy number variation, phylogeny, adaptive radiation, BMP, toll, melanogenesis.
Introduction
Epigenetic change has been postulated to play a role in the
ecology and evolution of natural populations (Richards et al.
2010; Holeski et al. 2012; Liebl et al. 2013). Epigenetic
changes are broadly defined as “molecular processes
around DNA that regulate genome activity independent of
DNA sequence and are mitotically stable” (Skinner et al.
2010). Some epigenetic processes are also meiotically stable
and are transmitted through the germline (Anway et al. 2005;
Jirtle and Skinner 2007). These epigenetic mechanisms,
such as DNA methylation, can become programmed
(e.g., imprinted) and inherited over generations with potential
evolutionary impacts. Environmental factors have been shown
to promote the epigenetic transgenerational inheritance of
phenotypic variants (Skinner et al. 2010). In recent years, the
importance of environmental cues in the induction of such
variation has been widely acknowledged (Bonduriansky
2012). Thus, like genetic change (Greenspan 2009), epige-
netic change may also play an important role in evolution
(Guerrero-Bosagna et al. 2005; Day and Bonduriansky 2011;
Geoghegan and Spencer 2012, 2013a, 2013b, 2013c;
Klironomos et al. 2013).
GBE
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In order for inherited epigenetic changes to play a signifi-
cant role in microevolution, they must persist for tens of gen-
erations, or longer (Slatkin 2009). It is conceivable that
epigenetic changes may also accumulate over longer periods
of evolutionary time, contributing to processes such as adap-
tive radiation (Rebollo et al. 2010; Flatscher et al. 2012). This
hypothesis assumes that epigenetic changes persist over thou-
sands of generations. An initial step in testing this hypothesis
would be to compare epigenetic differences among closely
related species, and whether such changes accumulate over
short spans of macroevolutionary time. For example, do epi-
genetic changes accumulate with phylogenetic distance?
Addressing this question was the primary goal of this study.
The studywas designed to explore the relationship between
epigenetic changes and the evolutionary history of several spe-
cies of Darwin’s finches in the Galapagos Islands. This group of
birds has been central to work on a variety of important topics
in evolutionary biology, including adaptive radiation, character
displacement, rapid evolution, hybridization between species,
evolutionary developmental mechanisms, and the effect of
invasive pathogens and parasites (Grant and Grant 2008;
Huber et al. 2010; Donohue 2011). The adaptive radiation
of Darwin’s finches over a period of 2–3 Myr resulted in 14
extant species that fill distinct ecological niches. These species
show striking variation in body size and the size and shape of
their beaks (Grant and Grant 2008). Darwin’s finches were
selected for study because they are a well-studied example
of the evolution of closely related species into different eco-
logical niches (Grant and Grant 2008; Donohue 2011).
Natural selection is a process in which environmental fac-
tors influence the survival and reproductive success of individ-
uals bearing different phenotypes. Only selection on
phenotypic traits with a heritable basis can lead to evolution-
ary change (Endler 1986). Observations indicate that epige-
netic mechanisms have a role in influencing genomic
variability (Huttley 2004; Ying and Huttley 2011). As epige-
netic changes are also influenced by environmental factors,
and can be heritable across generations (Skinner et al. 2010),
they provide another molecular mechanism that can influence
evolutionary change. Although Lamarck (1802) proposed that
environmental factors can influence inheritance directly, his
mechanism has not been widely recognized as a component
of modern evolutionary theory (Day and Bonduriansky 2011).
Recent work in epigenetics shows that epigenetic changes
can, in fact, increase the heritable phenotypic variation avail-
able to natural selection (Holeski et al. 2012; Liebl et al. 2013).
Thus, epigenetics appears to provide a molecular mechanism
that can increase phenotypic variation on which selection acts
(Skinner 2011). The integration of genetic and epigenetic
mechanisms has the potential to significantly expand our un-
derstanding of the origins of phenotypic variation and how
environment can influence evolution.
For example, Crews et al. (2007) investigated the ability of
an environmental factor (toxicant) to promote the epigenetic
transgenerational inheritance of alterations in the mate pref-
erences of rats, with consequences for sexual selection. An F0
generation gestating female rat was exposed to the agricul-
tural fungicide vinclozolin transiently. A dramatic alteration in
the mate preferences of the F3 generation was observed
(Crews et al. 2007) along with epigenetic alterations
(termed epimutations) in the germline (sperm) (Guerrero-
Bosagna et al. 2010). Transgenerational transcriptome
changes in brain regions correlated with these alterations in
mate preference behavior were also observed (Skinner et al.
2008, 2014). Thus, an environmental factor that altered mate
preference was found to promote a transgenerational alter-
ation in the sperm epigenome in an imprinted-like manner
that was inherited for multiple generations (Crews et al.
2007; Skinner et al. 2010). Studies such as these suggest
that environmental epigenetics may play a role in evolutionary
changes through processes, such as sexual selection.
Recent reviews suggest a pervasive role for epigenetics in
evolution (Rebollo et al. 2010; Day and Bonduriansky 2011;
Kuzawa and Thayer 2011; Flatscher et al. 2012; Klironomos
et al. 2013). The primary goal of this studywas to test whether
epigenetic changes accumulate over the long periods of evo-
lutionary time required for speciation with adaptive radiation.
Genome wide analyses were used to investigate changes in
genetic and epigenetic variation among five species of
Darwin’s finches. The measure of genetic variation was copy
number variation (CNV), which has been shown to provide
useful and stable genetic markers with potentially more phe-
notypic functional links than point mutations such as single
nucleotide polymorphisms (SNPs) (Lupski 2007; Sudmant et al.
2013). CNVs involve an increase or decrease in the number of
copies of a repeat element at a specific genomic location.
Recently, CNV changes in primates and other species have
been shown to be very useful genetic measures for comparing
evolutionary events (Nozawa et al. 2007; Gazave et al. 2011;
Poptsova et al. 2013). CNV changes are involved in gene du-
plication and deletion phenomena, as well as repeat element
phenomenon such as translocation events and can be influ-
enced by DNA methylation (Skinner et al. 2010; Macia et al.
2011; Tang et al. 2012). The measure of epigenetic variation
used was differential DNAmethylation sites, which are known
to be stable and heritable (Skinner et al. 2010). Comparing
data for both genetic mutations (i.e., CNV) and epimutations
(i.e., DNA methylation) allowed the relative magnitudes of
these sources of variation to be compared across the five spe-
cies included in the study.
Materials and Methods
Finch Field Work and Collection of Blood
Blood samples were collected from birds captured January–
April 2009 at El Garrapatero, a lowland arid site on Santa Cruz
Island, Galapagos Archipelago, Ecuador (Koop et al. 2011).
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Birds were captured with mist nests and banded with num-
bered Monel bands to track recaptures. Birds were identified,
aged, and sexed using size and plumage characteristics. A
small blood sample (90ml) from each bird was collected in a
microcapillary tube through brachial venipuncture. Samples
were stored on wet ice in the field, then erythrocytes purified
by centrifugation and cells stored in a!20 "C freezer at a field
station. Following the field season, samples were placed in a
!80 "C freezer for longer term storage. All procedures were
approved by the University of Utah Institutional Animal Care
and Use Committee (protocol #07-08004) and by the
Gala´pagos National Park (PC-04-10: #0054411).
DNA Processing
Erythrocyte DNA was isolated with DNAeasy Blood and Tissue
Kit (Qiagen, Valencia, CA) and then stored at !80 "C prior to
analysis. DNA was sonicated following a previously described
protocol (without protease inhibitors) (Tateno et al. 2000) and
then purified using a series of washes and centrifugations
(Ward et al. 1999) from variable number of animals per spe-
cies analyzed. The same concentrations of DNA from individ-
ual blood samples were then used to produce pools of DNA
material. Two DNA pools were produced in total per species,
each one containing the same amount of DNA from different
animals. The number of individuals used per pool is shown in
supplementary table S6, Supplementary Material online.
These DNA pools were then used for chromosomal genomic
hybridization (CGH) arrays or chromatin immunoprecipitation
of methylated DNA fragments (MeDIP).
CNV Analysis
The array used for the CNV analysis was a CGH custom design
by Roche Nimblegen that consisted of a whole-genome tiling
array of zebra finch (Taeniopygia guttata) with 720,000
probes per array. The probe size ranged from 50 to 75 mer
in length with median probe spacing of 1,395bp. Two
different comparative (CNV vs. CNV) hybridization experi-
ments were performed (two subarrays) for each species in
query (Geospiza fuliginosa [FUL], G. scandens [SCA],
Camarhynchus parvulus [PAR], and Platyspiza crassirostris
[CRA]) versus control G. fortis (FOR), with each subarray in-
cluding hybridizations from DNA pools from these different
species. Two DNA pools were built for each species (supple-
mentary table S6, Supplementary Material online). For one
subarray of each species, DNA samples from the experimental
groups were labeled with Cy5 and DNA samples from the
control lineage were labeled with Cy3. For the other subarray
of each species, a dye swap was performed so that DNA sam-
ples from the experimental groups were labeled with Cy3 and
DNA samples from the control lineage were labeled with Cy5.
For the CNV experiment raw data from the Cy3 and Cy5
channels were imported into R (R Development Core Team
2010), checked for quality, and converted to MA values
(M=Cy5 ! Cy3; A= [Cy5+Cy3]/2). Within array and be-
tween array normalizations were performed as previously de-
scribed (Manikkam et al. 2012). Following normalization, the
average value of each probe was calculated and three differ-
ent CNV algorithms were used on each of these probes
including circular binary segmentation from the DNA copy
(Olshen et al. 2004), CGHseg (Picard et al. 2005) and
cghFlasso (Tibshirani andWang 2008). These three algorithms
were used with the default parameters. The average values
from the output of these algorithms were obtained. A thresh-
old of 0.04 as a cutoff was used on the summary (average of
the log-ratio from the three algorithms) where gains are
probes above the positive threshold and losses are probes
below the negative threshold. Consecutive probes (#3) of
gains and losses were used to identify separate CNV regions.
A cutoff of three-probe minimumwas used and those regions
were considered a valid CNV. The statistically significant CNVs
were identified and P values associated with each region pre-
sented. A cutoff of P< 10!5 was used to select the final re-
gions of gains and losses.
Differential DNA Methylation Regions Analysis
MeDIP was performed as previously described (Guerrero-
Bosagna et al. 2010) as follows: 6mg of genomic DNA was
subjected to series of three 20-pulse sonications at 20% am-
plitude and the appropriate fragment size (200–1,000ng) was
verified through 2% agarose gels; the sonicated genomic
DNA was resuspended in 350ml TE buffer and denatured
for 10min at 95 "C and then immediately placed on ice for
5min; 100ml of 5$ IP buffer (50mM Na-phosphate pH 7,
700mM NaCl (PBS), 0.25% Triton X-100) was added to the
sonicated and denatured DNA. An overnight incubation of the
DNA was performed with 5mg of antibody anti-5-
methylCytidine monoclonal from Diagenode (Denville, NJ) at
4 "C on a rotating platform. Protein A/G beads from Santa
Cruz were prewashed on PBS–BSA (bovine serum albumin)
0.1% and resuspended in 40ml 1$ IP (immunoprecipitation)
buffer. Beads were then added to the DNA-antibody complex
and incubated 2h at 4 "C on a rotating platform. Beads bound
to DNA-antibody complex were washed three times with 1ml
1$ IP buffer; washes included incubation for 5min at 4 "C on
a rotating platform and then centrifugation at 6,000 rpm for
2min. Beads DNA-antibody complex were then resuspended
in 250ml digestion buffer (50mM Tris–HCl pH 8, 10mM eth-
ylenediaminetetraacetic acid, 0.5% SDS (sodium dodecyl sul-
fate) and 3.5ml of proteinase K (20mg/ml) was added to each
sample and then incubated overnight at 55 "C on a rotating
platform. DNA purification was performed first with phenol
and then with chloroform:isoamyl alcohol. Two washes were
then performed with 70% ethanol, 1M NaCl, and glycogen.
MeDIP-selected DNAwas then resuspended in 30ml TE buffer.
The array used for the differential methylation analysis was
a DNA-methylated custom array by Roche Nimblegen that
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consisted of a whole-genome tiling array of zebra finch
(Taeniopygia guttata) made of four 2.1M and one 3x720k
array with 8,539,570 probes per array. Probe sizes were 50–
75 mer in length and median probe spacing was 200bp. Two
different comparative (MeDIP vs. MeDIP) hybridization exper-
iments were performed (two subarrays) for each experimental
species (FUL, SCA, PAR, CRA) versus control FOR, with each
subarray including hybridizations fromMeDIP DNA from DNA
pools from these different species (supplementary table S6,
Supplementary Material online). For one subarray of each spe-
cies, MeDIP DNA samples from the experimental groups were
labeled with Cy5 and MeDIP DNA samples from the control
lineage were labeled with Cy3. For the other subarray of each
species, a dye swap was performed so that MeDIP DNA sam-
ples from the experimental groups were labeled with Cy3 and
MeDIP DNA samples from the control lineage were labeled
with Cy5.
For each comparative hybridization experiment, raw data
from both the Cy3 and Cy5 channels were imported into R,
checked for quality, and converted into MA values. The nor-
malization procedure is as previously described (Guerrero-
Bosagna et al. 2010). Following normalization each adjacent
!3 probe set value represents the median intensity difference
between FUL, SCA, PAR and CRA and control FOR of a 600-
bp window. Significance was assigned to probe differences
between experimental species samples and reference FOR
samples by calculating the median value of the intensity dif-
ferences as compared with a normal distribution scaled to the
experimental mean and standard deviation of the normalized
data. A Z score and P value were computed for each probe
from that distribution. The statistically significant differential
DNA methylation regions (DMR) were identified and P values
associated with each region represented, as previously de-
scribed (Guerrero-Bosagna et al. 2010).
FIG. 1.—Number of epimutations and genetic mutations in relation to the phylogenetic relationships of five species of Darwin’s finches. Photographs (by
J.A.H.K. or S.A.K.) show variation in bill size and shape. Numbers on branches are the number of differences (three or more probes; table 1) in epimutations
(DMR; in red) .and genetic mutations (CNV; in blue) for each of four species, comparedwith a single reference species FOR (asterisk). The phylogram is based
on allele length variation at 16 polymorphic microsatellite loci (from Petren et al. 1999). The topology of the tree is similar to that proposed by Lack (1947) on
the basis of morphological traits.
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Additional Bioinformatics and Statistics
The July 2008 assembly of the zebra finch genome (taeGut1,
WUSTL v3.2.4) produced by the Genome Sequencing Center
at the Washington University in St Louis (WUSTL) School of
Medicine was retrieved (WUSTL 2008). A seed file was con-
structed and a BSgenome package was forged for using the
Finch DNA sequence in the R code (Herve Pages BSgenome:
Infrastructure for Biostrings-based genome data packages. R
FIG. 2.—Number of epimutations and genetic mutations associated with Darwin’s finches. The number of differential DMR epimutations and CNV
genetic mutations (A). DMR and CNV that differ significantly (P< 10!5) from the reference species (FOR) are presented for all oligonucleotide probes,
comparedwith peaks of three ormore adjacent probes. The epimutations with an increase (Up) or decrease (Down) in DNAmethylation are indicated. Those
genetic mutations with an increase (Gain) or decrease (Loss) in CNV are indicated. Venn diagrams for epimutations (B) and genetic mutations (C) show
overlaps between epimutations (DMR) and geneticmutations (CNV) among species. The species and total number of sites compared are listed on the outside
of each colored elliptical.
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package version 1.24.0). This sequence was used to design
the custom tiling arrays and to perform the bioinformatics.
The chromosomal location of CNV and DMR clusters used
an R-code developed to find chromosomal locations of clus-
ters (Skinner et al. 2012). A 2-Mb sliding windowwith 50,000
base intervals was used to find the associated CNV and DMR
in each window. A Z-test statistical analysis with P< 0.05 was
used on these windows to find the ones with overrepresented
CNV and DMR were merged together to form clusters. A
typical cluster region averaged approximately 3 Mb in size.
The DMR and CNV association with specific zebra finch
genes and genome locations used the Gene NCBI database
for zebra finch gene locations and correlated the epimutations
associated (overlapped) with the genes. The three adjacent
probes constituted approximately a 200-bp homology
search. The KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway associations were identified as previously
described (Skinner et al. 2012). Statistically significant overrep-
resentation uses a Fisher’s exact analysis.
Spearman Rank correlation coefficients were used to test
for a relationship between phylogenetic distance and epige-
netic and genetic changes (Whitlock and Schluter 2009).
Results
Phylogenetic relationships of the five finch species in this study
are shown in figure 1. The taxa chosen for this study included:
Two species of ground finches, FOR and FUL, which have
crushing beaks with relatively deep bases; the cactus finch
SCA, which has a long thin beak used for probing flowers;
the small tree finch PAR, which has curved mandibles used for
applying force at the tips; and the vegetarian finch CRA,
which has a relatively short stubby bill used for crushing
food along its entire length (Grant and Grant 2008;
Donohue 2011; Rands et al. 2013). FOR was selected as a
reference species for comparing genetic and epigenetic alter-
ations among the remaining four species. Branch lengths in
figure 1 were used as measures of phylogenetic distance.
The experimental design used purified erythrocytes from
the different species. Although DNA sequences are the
same for all cell types of an organism, the epigenome is dis-
tinct for each cell type, providing a molecular mechanism for
the genome activity and functions that differ among different
cell types (Skinner et al. 2010). Therefore, to investigate the
overall epigenome requires a purified cell type. As birds have
erythrocytes (red blood cells) that contain nuclei, samples of
purified erythrocytes were collected from each of the Darwin’s
finch species to obtain DNA for molecular analysis.
The epigenetic alterations termed epimutations were as-
sessed through the identification of differential DMR. The
DMR were identified with the use of MeDIP with a methyl
cytosine antibody, followed by a genome wide tiling array
(Chip) for an MeDIP-Chip protocol (Guerrero-Bosagna et al.
2010). Although other epigenetic processes such as histone
modifications, chromatin structure, and noncoding RNA are
also important, DNAmethylation is the best known epigenetic
process associatedwith germline-mediated heritability and en-
vironmental manipulations (Skinner et al. 2010). Genetic var-
iation was assessed using CNVs (i.e., amplifications and
deletions of repeat elements) in the DNA using a CGH proto-
col (Pinkel and Albertson 2005; Gazave et al. 2011).
The reference genome used for the analysis was that of the
zebra finch (Taeniopygia guttata) (Clayton et al. 2009), which
had a preliminary estimate of greater than 83% similarity with
a partial shotgun sequence of a Darwin’s finch genome
(Rands et al. 2013). This study actually suggests a much
higher degree of identity. The zebra finch genome was tiled
in a genome wide array with a 200-bp resolution and for a
CGH array with a 1,500-bp resolution. These arrays were used
in a competitive hybridization protocol between FOR (refer-
ence species) and the other four species (Guerrero-Bosagna
et al. 2010). Differential hybridization using two different fluo-
rescent DNA labeling tags identified the CNV with CGH using
genomic DNA and the epimutation DMR with a MeDIP-Chip
protocol. A statistical significance threshold of P<10!5 was
set for the CNV or epimutation to be identified as a gain or
loss compared with the reference species (fig. 2 and supple-
mentary tables S1 and S2, Supplementary Material online).
The data for all probes (oligonucleotides on the arrays) are
presented. However, the criteria used to identify the CNV
and DMR required the involvement of three or more adjacent
FIG. 3.—Phylogenetic distance is correlated with epigenetic changes,
but not genetic changes. Branch lengths in figure 1were used asmeasures
of phylogenetic distance. The number of epimutations increased with phy-
logenetic distance (Spearman Rho=1.0, P< 0.0001). In contrast, the
number of genetic mutations did not increase with phylogenetic distance
(Spearman Rho=0.8, P=0.2).
Epigenetics and the Evolution of Darwin’s Finches GBE
Genome Biol. Evol. 6(8):1972–1989. doi:10.1093/gbe/evu158 Advance Access publication July 24, 2014 1977
 by guest on August 12, 2014
http://gbe.oxfordjournals.org/
Downloaded from 
	   147 
	  
Darwin Finch Copy Number Variation (CNV) Against FOR Reference 
A CNV Chromosomal Plot FUL                  
B  CNV Chromosomal Plot SCA 
FIG. 4.—Chromosomal locations of the CNVs for each species. The chromosome number and size are presented in reference to the zebra finch genome.
The chromosomal location of each CNV is marked with a red tick for FUL (A), SCA (B), PAR (C), and CRA (D).
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D   CNV Chromosomal Plot CRA 
C   CNV Chromosomal Plot PAR 
FIG. 4.—Continued.
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Darwin Finch Differential DNA Methylation Regions (DMR) Epimutations 
Against FOR Reference 
A Epimutation Chromosomal Plot FUL
B Epimutation Chromosomal Plot SCA
FIG. 5.—Chromosomal locations of the epimutations for each species. The chromosome number and size are presented in reference to the zebra finch
genome. The chromosomal location of each DMR is marked with a red tick for FUL (A), SCA (B), PAR (C), and CRA (D).
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D Epimutation Chromosomal Plot CRA
C Epimutation Chromosomal Plot PAR
FIG. 5.—Continued.
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FIG. 6.—Chromosomal locations for clusters of CNV and DMR. The chromosome number and size are presented in reference to the zebra finch
genome. The chromosomal location of statistically significant (P< 10!5) overrepresented clusters of CNV (A) and DMR (B). The legend shows species and
total number of clusters.
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probes in the genome sequence having significant differential
hybridization. These selection criteria reduce the number of
false positives and provide a more reliable comparison (fig. 2).
Therefore, the data presented used stringent criteria and rep-
resent the most reproducible epimutations and genetic CNV
mutations among all three different experiments.
The increases or decreases in DNAmethylation for the DMR
are presented, along with the total number of epimutations in
figure 2. The majority of epimutations for all species but FUL
involves a decrease in DNA methylation (fig. 2A). The gains or
losses in CNV are also presented, along with the total number
of genetic alterations. Themajority of genetic mutations for all
species but PAR involves an increase in CNV number.
Interestingly, the number of epimutations observed was gen-
erally higher, using the criteria selected, than the number of
genetic alterations (fig. 2). However, the overall magnitude of
epigenetic change was comparable to that of genetic change.
Data for the five different species are shown in figure 1 for
both epimutations (red) and genetic alterations (blue). The
number of epimutations was significantly correlated with phy-
logenetic distance, whereas the number of genetic mutations
was not (fig. 3).
The chromosomal locations of the CNV for the different
finch species are shown in figure 4. CNVswere found onmost
chromosomes, with FUL having the least and CRA having the
most. The chromosomal locations of the DMR epimutations
for the different finch species are shown in figure 5. All chro-
mosomes were found to have epimutations, with CRA having
the highest number. These chromosomal plots suggested that
some of the species might have clusters of CNV and/or DMR
on some of the chromosomes (figs. 3 and 4). Therefore, a
cluster analysis previously described (Skinner et al. 2012)
was used to examine 50-kb regions throughout the genome
to test for statistically significant (P<10!5) overrepresentation
of CNV or DMR (fig. 6). Clusters, which have an average size
of 3Mb, are shown as species-specific boxes for CNV (fig. 6A)
and for DMR (fig. 6B). Cluster characteristics and overlap are
presented in supplementary table S3, Supplementary Material
online. Clusters were obtained for all species, with a higher
number of DMR clusters than CNV clusters. The highest
number of CNV clusters was in SCA, with more than a 4-
fold increase over CRA (fig. 6). Therefore, in addition to
having more CNV than expected (assuming an increasing
number with phylogenetic distance), SCA showed more
CNV clusters than other species (fig. 2). Genome instability
in these cluster regions may influence the increased numbers
of CNV in SCA, which increases the presence of CNV clusters.
In contrast, SCA did not show more DMR numbers or clusters
than expected, assuming an increasing number with phyloge-
netic distance. Epimutation cluster overlap wasmore common
among species (fig. 6 and table 1), suggesting that specific
regions of the chromosomes were more susceptible to epige-
netic alterations. Altered DNA methylation states have been
experimentally shown to be stable for hundreds of
generations (Cubas et al. 1999; Akimoto et al. 2007;
Skinner et al. 2010).
The potential overlaps in specific CNV or DMR sites among
species were examined. The overlap in genetic mutations
among the four species is shown in a Venn diagram in
figure 2C, whereas the overlap in epimutations is shown in
figure 2B. No overlap in specific CNV or DMR sites was ob-
served among all species, and less than 10% overlap was
generally observed between any two species. Interestingly,
the CNV overlap between FUL and CRA was higher than for
the other species (fig. 2C). Generally, genetic and epigenetic
alterations were distinct between species, with the majority
being species specific. The epimutations showedmore overlap
between species than the genetic CNV mutations (fig. 2B and
table 1). In considering within species overlap between the
CNV and epimutations, less than 3% had common genomic
locations. Therefore, the epimutations do not appear to be
linked to the genetic CNV mutations, but are distinct.
The final analysis examined the potential functional signif-
icance of the epimutations by examining DMR and genes
known to be associated with avian evolution. Several gene
families and cellular signaling pathways have previously been
shown to be involved in bird evolution, including the bone
morphogenic protein (BMP) family and pathway (Abzhanov
et al. 2004; Badyaev et al. 2008), the toll receptor family and
signaling pathway (Alcaide and Edwards 2011), and the mel-
anins family and pathway (Mundy 2005). All the genes asso-
ciated with these signaling pathways were localized on the
finch genome and compared with the genomic locations of
the epimutations and CNV. Epimutation-associated genes
within the BMP pathway (fig. 7), toll pathway (fig. 8), and
Table 1
Cluster Overlap between Species
CNVs
CNV
FUL SCA PAR CRA
FUL 4 0 0 2
SCA 0 25 0 0
PAR 0 0 2 0
CRA 2 0 0 6
Epimutations
DMR
FUL SCA PAR CRA
FUL 16 5 6 7
SCA 5 16 8 11
PAR 6 8 16 11
CRA 7 11 11 25
NOTE.—The overlap of CNV or DMR clusters between species is presented for
the CNVs and epimutations.
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melanin’s pathway (fig. 9) are shown. Epimutations
were overrepresented in all of these pathways (Fisher’s exact
test: BMP/TGFbeta (transforming growth factor) pathway,
P<1!10"6; toll pathway, P< 5.7!10"4; melanogenesis
pathway, P<2.5!10"13). Interestingly, the BMP pathway
involved in beak development and shape had a statistically
significant overrepresentation of CRA-associated epimutations
when examined independently (P<2.7!10"5) (fig. 7). In ad-
dition, the toll receptor pathway involved in immune response
had a statistically significant overrepresentation of PAR-associ-
ated epimutations when examined independently
(P< 7.7! 10"4) (fig. 8). The melanogenesis pathway involved
in color had a mixture of epimutations from most of the spe-
cies when examined independently (P<7!10"5) (fig. 9).
FIG. 7.—Epimutation-associated genes and correlated BMP pathway. The genes having associated epimutations in the signaling pathway presented for
the different species are identified as FUL (purple), SCA (green), PAR (blue), and CRA (red) colored boxed genes.
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FIG. 8.—Epimutation-associated genes and correlated toll receptor pathway. The genes having associated epimutations in the signaling pathway
presented for the different species are identified as FUL (purple), SCA (green), PAR (blue), and CRA (red) colored boxed genes.
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In addition to the pathway-specific genes, the total number
of epimutations and CNV associatedwith genes are presented
in table 2, with full lists in supplementary tables S4 and S5,
Supplementary Material online. The epimutations and CNV
for single probe and !3 probe identification are presented
in table 2. Observations indicate that approximately half of
the epimutations and CNV identified were associated with
genes. Therefore, a high percentage of the epimutations
and CNV identified were associated with genes and were
statistically overrepresented in several gene pathways
previously shown to be involved in particular aspects of
avian evolution. Although this gene association analysis dem-
onstrates that epimutations correlate with genes and impor-
tant pathways, the functional or causal link to specific
evolutionary processes remains to be investigated.
Discussion
This study provides one of the first genome-wide comparisons
of genetic and epigenetic mutations among related species of
FIG. 9.—Epimutation-associated genes and correlated melanogenesis pathway. The genes having associated epimutations in the signaling pathway
presented for the different species are identified as FUL (purple), SCA (green), PAR (blue), and CRA (red) colored boxed genes.
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organisms. There were relatively more epimutations than ge-
netic CNV mutations among the five species of Darwin’s
finches, which suggests that epimutations are a major com-
ponent of genome variation during evolutionary change.
There was also a statistically significant correlation between
the number of epigenetic differences and phylogenetic dis-
tance between finches (figs. 1 and 3), indicating that the
number of epigenetic changes continues to accumulate over
long periods of evolutionary time (2–3 Myr). In contrast, there
was no significant relationship between the number of ge-
netic CNV changes and phylogenetic distance.
The zebra finch genome was used as a reference for this
study because a complete Darwin’s finch genome is not yet
available. The zebra finch genome showed hybridization with
all probes on the array for each of the Darwin’s finch species,
suggesting that the genomes appear to be extremely similar.
Loss of heterozygosity (absence of genomic regions, resulting
in lack of probe hybridization) was not identified in any of the
analyses. This suggests a high level of conservation and iden-
tity between the species’ genomes. In the event the Darwin’s
finch genome has additional DNA sequence that is not present
in the zebra finch genome, we would not have detected this
DNA. Therefore, our data may be an underestimate of the
Darwin’s finch genome. Another technical limitation of our
study was that we only considered genetic CNV (amplifica-
tions and deletions of repeat elements), but not other genetic
variants such as point mutations or translocations. Although
CNV frequency is higher than other mutations (e.g., SNPs) and
stable in the genome (Gazave et al. 2011), this study’s focus
on CNV should kept in mind. The epimutations examined are
differential DMR that have previously been shown to be fre-
quent and transgenerationally stable (Anway et al. 2005;
Guerrero-Bosagna et al. 2010; Skinner et al. 2010).
Although other epigenetic processes such as histone modifi-
cation, altered chromatin structure, and noncoding RNA may
also be important, DNA methylation is the most established
heritable epigenetic mark. This aspect of the experimental
design should be kept in mind.
Among the five species of finches there were fewer genetic
mutations (CNV) than epigenetic mutations. However, the
cactus finch SCA showed a surprisingly large number of
genetic CNV mutations than expected when compared with
the reference species (FOR). The SCA mutations also clustered
to similar locations on the genome to a greater extent than
in the other species (fig. 6A). The reason for the dispropor-
tionately large number of CNV in the SCA comparison is
unclear.
In contrast to the genetic mutation (CNV) analysis, the
number of epimutations increased monotonically with phylo-
genetic distance (figs. 1 and 3). Overlap of specific epigenetic
sites among species was minimal, including those for SCA (fig.
2B). An interesting possibility is that the epigenome may alter
genome stability and generate genetic variation within spe-
cies. A similar phenomenon has been shown for cancer, in
which epigenetic alterations may precede genetic changes
and alter genomic stability (Feinberg 2004). A decrease in
the DNA methylation of specific repeat elements has previ-
ously been shown to correlate with an increase in CNV (Macia
et al. 2011; Tang et al. 2012). Therefore, environmentally
induced abnormal epigenetic shifts may influence genetic
Table 2










FUL 71 34 40 24
SCA 589 442 363 350
PAR 295 52 136 37












with 14K Genes3+ Probes
FUL 514 84 295 48
SCA 890 161 558 115
PAR 1,629 606 996 407
CRA 2,767 1,062 1,611 639
NOTE.—The 14,000 zebra finch genes annotated having epimutation or CNV associations are presented for the total number of associations (overlaps) for both regions
identified with single (1+ probes) and adjacent (3+ probes) data sets.
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mutations, such that a combination of epigenetics and genet-
ics promotes phenotypic variation. Our observations demon-
strate a relationship between the number of epigenetic
changes and phylogenetic distance.
A comparison of the positions of epimutations and known
gene families was also carried out. These gene families in-
cluded those involved in the BMP pathway, which is related
to beak shape (Badyaev et al. 2008), the toll receptor path-
way, which is involved in immunological function (Alcaide and
Edwards 2011), and the melanogenesis pathway, which af-
fects color (Mundy 2005). Genes in all three of these families
and signaling pathways were found to have species-specific
epimutations (figs. 7–9). Future studies should focus on the
causal relationship between epigenetic alterations and pheno-
typic traits.
Genetic mutations are postulated to provide much of the
variation upon which natural selection acts (Gazave et al.
2011; Stoltzfus 2012). However, genetic changes alone are
limited in their ability to explain phenomena ranging from the
molecular basis of disease etiology to aspects of evolution
(Skinner et al. 2010; Day and Bonduriansky 2011; Longo
et al. 2012; Klironomos et al. 2013). Therefore, genetic mu-
tations may not be the only molecular factors to consider
(Richards 2006, 2009). Indeed, epigenetic and genetic
changes may jointly regulate genome activity and evolution,
as recent evolutionary biology modeling suggests (Day and
Bonduriansky 2011; Klironomos et al. 2013). This integration
of genetics and epigenetics may improve our understanding
of the molecular control of many aspects of biology, including
evolution.
Supplementary Material
Supplementary tables S1–S6 are available at Genome Biology
and Evolution online (http://www.gbe. oxfordjournals.org/).
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Abstract Like many parasites, avian haematozoa are often found at lower infection
intensities in older birds than young birds. One explanation, known as the ‘‘selection’’
hypothesis, is that infected young birds die before reaching adulthood, thus removing the
highest infection intensities from the host population. We tested this hypothesis in the field
by experimentally infecting nestling rock pigeons (Columba livia) with the malaria parasite
Haemoproteus columbae. We compared the condition and fledging success of infected
nestlings to that of uninfected controls. There was no significant difference in the body
mass, fledging success, age at fledging, or post-fledging survival of experimental versus
control birds. These results were unexpected, given that long-term studies of older pigeons
have demonstrated chronic effects of H. columbae. We conclude that H. columbae has little
impact on nestling pigeons, even when they are directly infected with the parasite. Our
study provides no support for the selection hypothesis that older birds have lower parasite
loads because parasites are removed from the population by infected nestlings dying. To
our knowledge, this is the first study to test the impact of avian malaria using experimental
inoculations under natural conditions.
Keywords Columba livia ! Pigeon ! Fitness ! Hippoboscid fly ! Host-parasite interaction
Introduction
Parasites influence fundamental aspects of the evolutionary ecology of their hosts, such as
population dynamics (Anderson and May 1978; Anderson 1979) and life history evolution
(Hochberg et al. 1992). The impact of parasites on host fitness depends partly on the age at
which hosts become infected. A common pattern in host-parasite interactions is that
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younger individuals have higher parasite loads than adults (Gregory et al. 1992; Hudson
and Dobson 1997). Sol et al. (2003) considered three hypotheses to explain this pattern.
The ‘‘selection’’ hypothesis suggests that highly parasitized juvenile hosts die before they
reach adulthood, removing large numbers of parasites from the population. The ‘‘immu-
nity’’ hypothesis suggests that the developing immune system of juveniles is not yet
capable of killing parasites, while adults are much more effective at reducing parasite
intensity. The ‘‘vector exposure’’ hypothesis suggests that adult behavior reduces their
exposure to infected vectors, and thus parasites, compared to juveniles.
Sol et al. (2003) evaluated these hypotheses using data from a study of feral rock
pigeons (Columba livia) infected with malaria parasites (Haemoproteus columbae) vec-
tored by pigeon louse flies (Hippoboscoidea: Pseudolynchia canariensis). The authors
rejected the vector exposure hypothesis because they found that adult pigeons ([6 months
old) are not, in fact, exposed to fewer vectors than juvenile pigeons (Sol et al. 2000).
Although the authors reported higher rates of juvenile mortality (61 %) compared to adult
mortality (33 %), consistent with the selection hypothesis, selection in their study was not
strong enough to explain the lower number of parasites observed in adult birds. The
youngest birds in Sol et al.’s study had already fledged from the nest; however, the greatest
impact of H. columbae on pigeons may occur while birds are still in the nest. We con-
ducted a study to test the impact of H. columbae on the condition and fledging success of
younger, nestling rock pigeons. We used an experimental approach in which we compared
nestlings injected with H. columbae to control birds not injected with the parasite.
At least 200 species of Haemoproteus are known to infect birds worldwide (Martinsen
et al. 2008). Perez-Tris et al. (2005) classified Haemoproteus as an avian malaria parasite
because members of the genus were nested phylogenetically within the genus Plasmodium.
H. columbae is a parasite of pigeons and doves that uses blood-feeding pigeon flies as
vectors (Valkiu¯nas 2005). The parasite enters a feeding fly and reproduces in its midgut,
where H. columbae oocysts attach to the gut wall. Once mature, the oocysts burst and
release infective sporozoites that migrate from the fly’s gut into its salivary glands. The fly
then injects these sporozoites into a pigeon when it feeds. H. columbae reproduces asex-
ually in the lungs of the pigeon, then invades and matures in the red blood cells (Ahmed
and Mohammed 1978).
Haemoproteus species can have several negative effects on host fitness. These effects
include reductions in host body condition (Merino et al. 2000), lower reproductive success
(Marzal et al. 2004; Tomas et al. 2007), and even death (Atkinson and Forrester 1988; Sol
et al. 2003). Studies of the impact of malaria on juvenile birds have consisted of obser-
vational studies in the field (Sol et al. 2003), and experimental studies using captive birds
(Yorinks and Atkinson 2000; Garvin et al. 2003). The goal of our study was to use an
experimental approach under field conditions. We infected nestling birds with malaria
parasites to test the impact on body mass, fledging success, age at fledging, and post-
fledging survival of experimental versus control birds. Studies with captive birds suggest
that the most pathogenic phase of the Haemoproteus life cycle occurs when parasites enter
red blood cells to mature (Atkinson and Forrester 1988; Atkinson and van Riper 1991). In
the case of H. columbae this takes place about 24–37 days after infection (Ahmed and
Mohammed 1978). Since pigeons fledge at about 32 days of age, it is not possible to be
sure that fledglings are infected with malaria parasites, short of experimentally infecting
them. Experimental manipulation is the most powerful approach for testing the impact of
parasites on hosts in any case (McCallum and Dobson 1995). To our knowledge, this is the
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Materials and methods
We experimentally manipulated H. columbae in nestling rock pigeons. The study took
place August–November 2009 under a highway overpass in Draper, Utah, USA
(40!3103600N, 111!5302800W). We visited the field site every 2–3 days throughout the
study period. Nestlings were weighed at each visit to the nearest 1.0 g with a pesola scale.
Our experiment was restricted to nests with two nestlings, the normal number for rock
pigeons. Nests were sequentially assigned to one of three treatment groups: experimental
(n = 12 nests), control (n = 13), or background (n = 12). When nestlings were 4–7 days
old (50–150 g), those at experimental nests were injected with a suspension of
P. canariensis flies infected with H. columbae (Ahmed and Mohammed 1978). We
created the infected fly suspension by feeding flies (bred from wild stock) on heavily
infected captive birds. Following 10–12 days on a bird, flies were placed in vials and
taken to the field site, where batches of ten live flies were macerated in 1,000 lL of
phosphate buffered saline for 3 min. Experimental nestlings were injected intraperitone-
ally with 500 lL of the infected fly suspension using a 0.5 cc syringe. Control birds were
injected with 500 lL of another suspension made using uninfected flies. Background
birds were handled but not injected.
Prior to the field experiment, we conducted a test of the inoculation method using 27
wild trapped, captive rock pigeons. After blocking by capture date and site, 13 randomly
chosen birds were injected with a suspension of infected flies, as described above. Fourteen
control birds were injected with a suspension of uninfected flies. At 25, 35, and 42 days
post injection, blood samples were taken from all birds and smears were prepared for
examination. Each smear was carefully examined under oil immersion at 1,000 9 for
10 min; if parasites were detected, then the number of parasites was quantified in 25
microscope fields per bird. All 13 experimental birds were infected with H. columbae,
while none of the 14 control birds was infected.
When nestlings were approximately 10 days old they were fitted with a numbered
aluminum band and three plastic color bands. To score fledging success we observed
and identified birds after they left the nest on the basis of their color band combina-
tions. We conducted a thorough census of all birds at the bridge during each visit to
the field site. We also searched for banded birds at other bridges within 8 km of the
study site in order to determine whether newly fledged birds were dispersing from the
natal site.
We continued to monitor birds at the bridge for 50 days post injection (ca. 25 days post
fledging) because peak parasitemia can be delayed for this long after injection (extrapo-
lated from Ahmed and Mohammed 1978). To confirm experimental infections, we
examined the blood of birds after they fledged. We used walk-in traps to capture pigeons
from 30–50 days post injection. Blood samples were taken and birds immediately released.
Blood smears were prepared and examined back in the lab.
Data were analyzed using Prism" v.5.0b (GraphPad Software, Inc.). Power analyses
were conducted in G*Power 3 with an error probability set at 0.05 (Buchner et al. 1997).
Where necessary, data were log transformed for normalization. To avoid pseudoreplication
(Hurlbert 1984) we averaged values for nestlings within each nest. We used one-way
ANOVAs to compare parasite abundance and host age and mass at fledging among
treatments. A repeated-measures ANOVA was used to compare the number of birds per
nest at hatching, fledging, and 1, 2, and 3 weeks post-fledging.
Evol Ecol
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Results
Three times as many experimental birds were infected as control or background birds
(Fig. 1a); the three groups also differed in parasite abundance (Fig. 1b; ANOVA
F2,17 = 4.25, P\ 0.05). Dunnett’s post hoc comparisons confirmed that experimental
birds had significantly more parasites than controls (P\ 0.05), while control and back-
ground birds did not differ significantly (P[ 0.05).
There was no significant difference in the age of birds at fledging, nor body mass prior
to fledging (see Table 1). There was no significant difference in the proportion of nests that
fledged at least one offspring (v2 = 0.005, P = 0.99). There was also no significant effect
of treatment on the mean number of birds fledged per nest, nor the number of birds
observed after fledging (Fig. 2; repeated measures ANOVA, treatment F2,34 = 0.64,
P = 0.53). There was a significant effect of time (Fig. 2; time, F4,136 = 43.32,
P\ 0.0001), but no significant interaction between time and treatment (time*treatment,
F8,136 = 0.49, P = 0.86).
We reanalyzed the data after excluding naturally infected control and background birds,
as well as experimental birds for which we could not confirm infection. We still found no
significant difference in age at fledging (F2,31 = 0.53, P = 0.60) mass at fledging
(F2,31 = 1.01, P = 0.38), or the proportion of nests that fledged at least one offspring
(v2 = 0.01, P = 0.99).
Our experiment had considerable power (1.0) to detect the level of juvenile mortality
(61 %) reported by Sol et al. (2003), we had power of 0.8 to detect mortality of at least
30 % (effect size of f = 0.55).
Discussion
Our goal was to experimentally test the ‘‘selection’’ hypothesis. This hypothesis, reviewed
by Gregory et al. (1992), states that lower parasite loads of adults, compared to juveniles,
are the result of heavily infected juveniles dying before adulthood, removing parasites
from the population. Previous tests of this hypothesis involving avian malaria have
focused on juvenile (fledged) birds and relied on observational data (Sol et al. 2003;
a b
Fig. 1 Prevalence (a) and mean abundance (?SE) (b) of malaria parasites 30–50 days after treatment
Evol Ecol
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van Oers et al. 2010). These studies provided some support for the selection hypothesis,
but the intensity of selection measured could not fully explain differences in juvenile and
adult parasite loads. It was conceivable, therefore, that the greatest impact of H. columbae
on pigeons takes place while they are still in the nest.
Our results provided no support for the selection hypothesis because there was no
impact of malaria on any of the components of host fitness we measured. Specifically, there
was no significant difference in the body mass, fledging success, age at fledging, or post-
fledging survival of experimental versus control birds. We are confident that our measures
of post-fledging survival were accurate because none of the birds from our study were
observed at other bridges (see methods). Young pigeons do not normally disperse until
3 months of age, in any case (Johnston and Janiga 1995).
The results of our study were unexpected, given that Sol et al.’s longer-term study
demonstrated that H. columbae has a significant negative impact on pigeon fitness. The fact
that malaria had no detectable impact on fledging success in our study was not due to
unusually low rates of fledging in both experimental and control birds. Fledging success
was 73 % (Fig. 2), similar to that in other studies of feral pigeons [reviewed by Johnston
and Janiga (1995), Table 18.4 (values adjusted for hatching rates)]. Similarly, the fact that
malaria had no detectable impact on fledging was not due to methodological problems with
the creation of experimental infections. The malaria parasite levels in our study were
comparable to those observed in other studies of naturally infected pigeons (Kartman 1949;
Table 1 Age of birds at fledging and body mass prior to fledging. Values are grand means (±SE) of the
mean value per nest
Experimental Control Background Test statistic P
Age in days 32.3 ± 0.5 31.8 ± 0.6 32.3 ± 0.6 F = 0.25 0.78
(Number of nests) (11) (12) (11)
Mass in grams 298 ± 14.9 311.3 ± 12.5 313.1 ± 11.4 F = 0.35 0.71
(Number of nests) (11) (12) (11)
Fig. 2 Mean (±SE) offspring
observed per nest. The mean
(±SE) number of offspring
fledged per nest did not differ
significantly among treatments.
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Klei and DeGuisti 1975; Paperna and Smallridge 2002). However, H. columbae may affect
hosts only at levels higher than what we observed (Earle et al. 1993; Paperna and
Smallridge 2002). For example, the H. columbae levels in Sol et al.’s (2003) study were
among the highest ever recorded for feral rock pigeons.
Another factor that could conceivably contribute to why the birds in our study did not
appear to be affected by H. columbae, compared to the reduction in survival shown for
older birds by Sol et al. (2003), is that nestling pigeons could have higher tolerance to
parasites than older birds. Nestlings are fed a rich diet of crop milk by both parents. The
milk, which consists of the sloughed lining of the parents’ crop, is very high in fat and
protein (Johnston and Janiga 1995). It would be interesting to test the impact of
H. columbae on nestlings fed a less nutritious diet.
A few control and background birds were naturally infected with H. columbae. How-
ever, infection levels were still significantly higher in the experimental group than the
control or background groups. Even after excluding the naturally infected birds, we did not
find that malaria parasites affected fledging age or mass, or fledging success.
Since H. columbae had no apparent effect on nestling rock pigeons, our study does not
provide support for the ‘‘selection hypothesis’’. Sol et al. (2003) reported results that were
consistent with selection hypothesis; however, selection in their study was not strong
enough to explain the differences in parasitemia they observed between juvenile and adult
pigeons. Because Sol et al. (2000, 2003) reported data ruling out the ‘‘vector exposure’’
hypothesis, they suggested a combination of the selection and immunity hypotheses may
explain the fact that juvenile birds have higher parasitemia than adult birds. Our data
provide no reason to disagree with this assessment.
To our knowledge, this is the first study to test the impact of avian malaria parasites
using experimental inoculation under natural conditions. This approach has several
advantages. First, like many malaria parasites, H. columbae takes several weeks to appear
in the peripheral blood after the host is infected. This fact makes early infections difficult to
detect without more invasive methods, such as collection of organ tissues (Valkiu¯nas 2005;
Cosgrove et al. 2006). Experimental infections get around this problem. Second, inocu-
lating hosts with parasites has the strong advantage of controlling for factors that could
lead to spurious negative correlations between parasite load and host fitness (Hawlena et al.
2006; Blanchet et al. 2009). The greatest limitation of our study is that the modest sample
sizes limit our ability to detect relatively small effect of malaria parasites on birds. For
example, to detect a 10 % reduction in juvenile survival with a power of 0.8 would require
a sample of 93 nests per treatment for a total of 279 nests. A study of this magnitude may
be feasible in the future using feral Rock Pigeons and H. columbae.
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